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Abstract: Stream channel degradation is among the most widely documented symptoms of urban
stream syndrome arising from watershed urbanization. Nevertheless, our present understanding of
space and time scales associated with channel response to urbanization is poorly constrained
and largely limited to assessments of non-cohesive systems. The purpose of this study is to
assess the evolution of a cohesive, ephemeral river channel in response to watershed urbanization.
The assessment of historical images document the stable, pre-urbanized channel conditions from
1870 to 1930. Historical assessments revealed a 131% increase in urbanized watershed area from 1930
to 1992, and a minimal increase in urbanized extent from 1992 to 2012. A 2012 lidar dataset was used
to generate the modern long-channel profile, to reconstruct cross-channel profiles observed in 2002,
and to estimate the volume flux of sediment removed from the channel from 1930 to 1992, and from
1992 to 2012. The long-channel profile reveals incision of up to 35 m in response to urbanization
from 1930 to 1992. Cross-channel profiles reveal incision and widening of 2.5 and 3 m, respectively,
from 2002 to 2012. Volume flux estimates indicate erosion rates of 9000 m3/yr during the first 62 years
of the study period, and a flux of 4000 m3/yr after installation of stormwater control measures in 1992.
Collectively, our findings highlight a cohesive channel that has undergone substantial incision and
widening at a rate of ~0.20 m/yr since 1930, and the channel continues to adjust. Hence, we contend
that the channel has not yet attained a new equilibrium “shape” at 82 years after peak land use change
within the watershed, and that the channel will continue to adjust its shape until this new balance
is achieved.

Keywords: watershed urbanization; cohesive river; morphology

1. Introduction

More often than not, urban areas arise at or near river systems which provide water supply,
aesthetics, recreation, and natural drainage for rainwater runoff [1–4]. Given their position in the
landscape, and their important role as carriers of water and materials between upstream and
downstream areas, rivers and streams near developed areas are particularly vulnerable to the
impacts of land use change [5–7]. In particular, rivers are sensitive to human-caused changes in flow
and sedimentation initiated by urbanization within their upstream source areas [8–13]. Moreover,
most urban stream systems have been manipulated for hydroelectric power (Bilinski), dredged for
navigation or riverbed mining [14], and managed for flood control by directing stormwater flows
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through piped connections between the upstream watershed and the downstream river channel [5].
This type of anthropogenic forcing has been shown to reduce biotic richness and enhance the dispersal of
invasive plants and seeds [14–17]. Water quality issues also arise because urbanization leads to increased
concentrations and loads of chemical pollutants [14,18–20], alters water nutrient content [20–23],
and exacerbates issues arising from non-point source pollutants [14,24,25]. The consistently observed
ecological impacts and associated stream system degradation is termed “urban stream syndrome” [5,26],
which has seen a global marked increase over the past century due to a rapid increase in human
population and associated rise in human interactions with natural systems [5,15,26–29].

One ubiquitous feature of urban stream syndrome is alteration of the river channel morphology
and stability [9–12,14,30–36]. Generally speaking, rivers will adjust their shapes in response to natural
fluctuations in sediment supply and flow regime [30,37], and the rate of this response is frequently
accelerated by watershed urbanization. One problem is related to the increased imperviousness of the
watershed, when natural ground surfaces are replaced by roads, sidewalks, buildings, and parking lots.
Increased imperviousness interrupts the natural infiltration processes that gradually route rainwater
downward into the subsurface, and the eventual recharge of the downstream river channel [10,11,38–42],
thereby disrupting the natural hydrological processes that route water and material downstream.
More issues can arise from installation of drainage pipe networks that often lead to rainwater being
collected over a much larger area, thereby increasing the extent of the area delivering flows to
downstream channels [42–44]. Collectively, these practices can result in much more stormwater runoff

being instantaneously delivered to the channel head, and this increases the energy of the flow regime
to a point that exceeds the rivers natural transport capacity [8,12,35,36,45,46].

Channels respond to such energy perturbations by first incising into the channel bed by
erosion [10,29,35,37,44], which is intensified by the coarsening of bed materials [33]. Because incision
leads to a deeper channel, the banks steepen and become unstable and more prone to erosion through
bank failures [44,47,48], thereby widening the channel and increasing sedimentation [48]. Continued
erosion leads to further incision as coarse particles are transported downstream. This cyclic process
of incision and widening will continue until the channel reaches a new balance, or equilibrium,
to accommodate the increased flows received from the urbanized watershed [9,33,44,49]. In extreme
cases, a channel may incise many meters below the original level of their beds [50,51].

This general view of channel adjustment in response to watershed urbanization has been well
documented [12,33,44], however, the space and time scales associated with their response has been
poorly constrained [52–56]. One reason for this knowledge gap arises from the highly varied nature
of bed material types and sizes between study sites [43,57–59], as well as the presence or absence
of stormwater management infrastructure or exposed bedrock [14,33,34,44]. Moreover, our present
understanding of channel “re-equilibration” due to watershed urbanization is largely limited to
studies of non-cohesive, alluvial systems [60], and less is known about erosional processes in cohesive
channels [61–64], let alone their morphodynamic response to human activities. Hence, we are presently
unable to predict how channels, particularly those comprised of cohesive materials, may change in
response to present and future land use change conditions [52–56,65].

In this study, we investigate the morphological alteration of the Sand River; a cohesive, urban stream
channel that has undergone substantial morphological alteration in response to century-scale watershed
urbanization. Scientific research on the Sand River system is limited to two studies [51,66], and only
one has quantitatively assessed the channel morphology. Specifically, Julian and Torres [51] focused on
the dominant mechanisms for sediment mobilization for the cohesive channel. As part of their study,
they measured the cross-sectional area of the active channel [67] in order to calculate flow depth-area
relationships for each transect. Theirs was the first and only study to quantify the morphology of the
Sand River, and one of very few field studies to investigate sediment transport processes in a cohesive
channel. Nevertheless, millions of dollars have been allocated to engineering efforts that aimed at
slowing or stopping erosional processes in the Sand River [66], despite our poor constraint on the
space and time scales associated with cohesive channel adjustment.
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The purpose of this study is to quantitatively assess the Sand River channel adjustment over an
82-year period in response to watershed urbanization. Here, we use lidar data, field observations,
historical image interpretation, and GIS to evaluate long- and cross-channel profiles, and volume
sediment flux in the context of watershed urbanization occurring from 1930 to 1992, and from 1992 to
2012. This work is significant because it provides additional insights into the effects of urbanization on
fluvial geomorphology and can aid in the management and restoration efforts for the Sand River.

2. Study Site History and Description

The Sand River is a natural, first-order tributary in the Savannah River drainage basin,
with headwaters located in Aiken, SC, USA (Figure 1).

Figure 1. The Sand River is a first-order tributary of the Savannah River. The Sand River drains
a 9.0 km2 area including the downtown business district and neighboring suburbs. The river runs
through the Hitchcock Woods, a 2000 acre forest preserve. The dashed yellow and black lines mark the
increased extent of urbanized watershed area in 1930 and 1960, respectively. Similarly, the solid black
and white lines show the extent of the watershed in 2002 and 2012.

From 1870 to 1930, the Sand River was characteristic of a shallow stream with a width and
depth of ~6 and 1 m, respectively (Figure 2a–c). The images do not reveal any obvious change in
the overall channel morphology over the 60-year period, and this suggests that there was no major
disturbance to the system up until 1930. This period of stability was interrupted, however, by rapid
urban development arising from a boom in economic growth associated with establishment of the
Savannah River Nuclear power plant in the late 1940s. By the early 1950s, roughly two thirds of
the natural watershed had been sold for timber and real estate development [68]. The epicenter of
this urban growth was Aiken’s downtown business district, situated within the Sand River’s natural
drainage area.
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Figure 2. (a) A stereo pair image from 1870, and postcard images from (b) and (c) 1930 reveal the
shallow nature of the pre-urbanized Sand River channel. The images reveal no apparent change in the
channel morphology over the 60-year period.

The rapid increase in watershed urbanization had a profound impact on the hydrology of the
river system and increased the demand for stormwater management to route rainwater away from the
downtown district. A network of stormwater drainages was constructed from 1955 to 1956 [69,70],
and this culminated in a network of artificial drainage pipes that routed rainwater runoff directly to
the Sand River channel head. The immediate impact of this effort was a sharp increase in the flow
discharge at the channel head, as more water rushed into the channel at a much faster rate. These issues
were exacerbated over the next few decades as watershed imperviousness increased [69,70], further
increasing the flow energy at the channel head and enhancing channel erosion. By 1970, the natural
headwaters of the Sand River were being gorged by energetic, erosive stormwater flows with each
passing rainstorm [69].

Over the next few decades, erosion of the channel resulted in a deeply incised canyon that
threatened the primary road used to access the Hitchcock Woods, a 2000-acre urban forest preserve
(Figure 1). In 1992, the network of stormwater drainages distributed throughout the city limits were
connected to a 3.05 m diameter outfall pipe, which was laid onto the channel bed and extended 100 m
downstream of the Hitchcock woods access way. The outfall pipe was laid onto the canyon bed and
the 100 m reach of channel between the access way and the pipe mouth was filled and covered with
a vegetative layer (Figure 3). At the same time, the channel bed and walls, along the first 100 m
downstream of the pipe mouth, were lined with gabion (erosion-resistant rock lining held by wire
mesh) to help dissipate the energy of flows entering the natural channel bed. Essentially, in 1992 the
natural headwaters of the Sand River were replaced with a major stormwater outfall pipe (Figure 3).

Today, the Sand River is described as a cohesive, ephemeral river channel that drains a 9.0 km2

area inclusive of the central business district of Aiken and adjacent suburban communities (Figure 1).
The Sand River study reach begins at the natural channel bed just downstream of the outfall pipe and
extends over the next 600 m (Figure 1). Although the average amount of rain falling on the Sand River
watershed has not changed much over the past century [71], larger quantities of rainwater are delivered
to the channel and at a much faster rate due to watershed urbanization. These intermittent flows rush
down the channel in brief, albeit destructive pulses with each passing rainstorm. The river meanders
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through a deeply incised canyon with widths and depths of up to 35 m along upstream reaches
(Figure 4a) near its headwaters, narrowing and shallowing to ~10 m in the downstream direction.
The canyon is composed of unconsolidated Late Cretaceous Eocene fluvial and deltaic sediments [51,72].
Beyond the gabion canal, the natural channel banks consist of mostly quartz sand with interstitial
silt and clay throughout [51] which cause the banks to be cohesive [5,72]. Recurring bank failures
primarily due to undercutting of the channel (Figure 4b) and disconnection to the floodplain suggest
that the ephemeral study reach is in its active widening state of channel evolution [30,51].

Figure 3. Photograph of the 3.05 m outfall pipe and gabion lined canal installed in 1992.

Figure 4. (a) 2017 Photograph of the modern Sand River canyon; (b) 2017 Photograph showing
undercutting of the banks due to active channel flows increases instability of the channel banks, leading
to frequent bank failures.
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3. Materials and Methods

3.1. Watershed Urbanization

Century-scale changes in urbanized watershed area were assessed with a series of historical maps,
aerial photographs, and images. First, a stereopair image from 1870 (Figure 2a), and postcard images
from 1905 (Figure 2b) and 1930 (Figure 2c) provided an assessment of the pre-urbanized channel.
This set of historical images showed no apparent change in the overall channel morphology from 1870
to 1930, indicating that the Sand River was not undergoing major alteration in response to natural or
human activity, up until 1930. Therefore, 1930 was set as the pre-disturbed reference condition [73] of
the channel. From there, a series of georeferenced topographic maps and aerial photos were obtained
from the Nationwide Environmental Title Research website (https://netronline.com) for years 1930,
1992, 2002, and 2012. Then, the georeferenced images were brought into ArcGIS to estimate changes in
the extent of urbanized lands within the watershed for each year. The percent change in urbanized
area for the periods 1930–1992, 1992–2002, and 2002–2012 was calculated. These time intervals were
selected because they corresponded to (1) the time interval following pre-disturbed channel conditions;
(2) post-outfall pipe conditions; and (3) active, decadal-scale channel adjustment. Hence, this approach
provides a holistic assessment of cohesive channel response to human impacts in that it captures the
channel morphology before and after watershed urbanization.

3.2. Lidar DEM

A light detection and ranging (lidar) survey of the Sand River was conducted for Aiken County by
the U.S. Geological Survey (USGS) in 2012. The ground returns of the lidar dataset had a nominal post
spacing of 1.4 m and a horizontal and vertical accuracy of ±0.18 m. The ground returns point datasets
were downloaded from the USGS website (https://catalog.data.gov/dataset/usgs-lidar-point-cloud-sc-
6county-aiken-2012-8700-02-las-2017) and interpolated onto a 1 × 1 m gridded digital elevation model
(DEM) using ArcGIS. The long-channel profile of the 600 m ephemeral reach was extracted from the
DEM using the Interpolate Line geoprocessing tool in ArcGIS. Then, the profile was used to determine
bed elevations, north and south valley bank elevations, and channel slope.

3.3. Channel Width, Depth, and Volume

The lidar DEM was used to reconstruct the channel cross-section profiles of Julian and Torres [51],
who surveyed the channel cross sections at 150, 290, 425, and 600 m downstream of the outfall pipe in
2002. These four locations were selected because they were the best sites where the channel banks were
exposed and there was little to no vegetation. Furthermore, at the 150, 290, and 425 sites, there were
evidences of active widening (undercutting and recent bank failures), and the 600 m location was
expected to be stable and thought to represent the start of the “zone of transport” [51]. The vertical
datum of the 2002 profiles was set by the active channel width (ACW) [51]. The active channel is
described as the upper limit of the channel being actively shaped by prevailing flows [67]. This was
determined through field observations of the lower limit of permanent vegetation along the channel
banks [51,67]. Then, the active channel bank height was marked for each transect by driving 0.5 m
lengths of steel rebar into each channel bank.

The Interpolate Line tool in ArcGIS was used to extract the full valley cross-channel profiles from
the 2012 lidar DEM at all transect sites. To facilitate a comparison of the 2002 and 2012 cross-channel
profiles, a field survey was conducted to locate the steel rebar markers installed by Julian and Torres at
each transect location. All were successfully recovered and the maximum and average channel depths
below the rebar markers was measured with a stadia rod. The maximum channel depths were, then,
used to establish the vertical limit of sub-profiles extracted from the full channel valley profiles. Then,
the 2002 and 2012 profiles were compared to determine decadal-scale changes in channel width and
depth over the 20-year interval.

https://netronline.com
https://catalog.data.gov/dataset/usgs-lidar-point-cloud-sc-6county-aiken-2012-8700-02-las-2017
https://catalog.data.gov/dataset/usgs-lidar-point-cloud-sc-6county-aiken-2012-8700-02-las-2017
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Then, the volume of the pre-outfall pipe canyon was estimated using three-dimensional (3D)
Analyst tools in ArcGIS. Specifically, the Surface Volume tool was used to estimate the volume of
channel below the ground elevation of the infilled reach between the outfall pipe mouth and the
Hitchcock Woods access way. Then, using the gabion bed elevation as the vertical datum, the same
approach was used to estimate the channel volume for the 600 m reach downstream of the outfall
pipe and above the gabion bed elevation. These two values were, then, combined to approximate the
total volume of sediment removed from the Sand River channel from 1930 to 1992. Similarly, with the
gabion elevation as a vertical datum, the downstream channel volume downstream of the outfall pipe
and below the gabion bed elevation was estimated to determine the total volume of sediment eroded
from the channel from 1992 to 2012. Then, the volume estimates were divided by their respective
time intervals to estimate sediment flux out of the Sand River canyon from 1930 to 1992 and from
1992 to 2012. Altogether, our approach provided a two-dimensional (2D) and three-dimensional (3D)
context for assessing cohesive channel response to watershed urbanization across a range of spatial
and temporal scales.

4. Results

4.1. Watershed Urbanization

Table 1 summarizes the watershed area and percent change in urbanized extent for 1930, 1992,
2002, and 2012. The time interval from 1930 to 1992 saw the greatest increase in urbanized watershed
area. Specifically, during the 62-year period, the urbanized area increased from 3.5 to 8.11 km2, at a
rate of 7 km2 per year, resulting in an increase of 131.7% of its initial size (Table 1). From 1992 to 2002,
the extent of urbanized areas had grown to 8.8 km2, or by 8.5% over the 20-year period, yielding an
urbanization rate of 3.4 km2 per year. From 2002 to 2012, the urbanized watershed area increased
to 9.0 km2, a 2.3% increase over the 10-year period, with an urbanization rate of 2 km2 per year.
Altogether, land use change within the Sand River watershed resulted in a 157% increase in the total
urbanized watershed area from 1930 to 2012 (Table 1).

Table 1. Summary table of total watershed area, Total Impervious Area (TIA), and percentage of
urbanized watershed area for 1930, 1992, 2002, and 2012.

Year Watershed Area (km2) % Increase in Urbanized Watershed Area

1930 (initial) 3.5 0

1992 8.11 131.7

2002 8.8 8.5

2012 9.0 2.3

Total % increase (1930–2012) 157%

4.2. Lidar DEM

The 2012 lidar DEM highlights the 600 m ephemeral reach of the Sand River, and other less
obvious surface features. For instance, the DEM reveals a linear embankment running roughly
parallel to, and converging with, the northern bank of the Sand River ~300 m downstream (Figure 5).
This feature is associated with the Aiken Inclined Plane [74], as evident by field observations of railroad
tracks belonging to the South Carolina Canal and Railroad Company, c. 1839–1852 [74], which have
been excavated by channel erosion. The DEM also highlights two tributaries of the Sand River,
i.e., Dibble Creek and Calico Creek (Figure 5), which are also experiencing incision and widening in
response to recent land use change.
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Figure 5. 2012 lidar DEM of the Sand River study reach. Warm to cool colors represent high to low
elevations, respectively. The black dashed line marks the transect locations used to generate cross
section channel profiles.

The DEM reveals that the 600 m ephemeral canyon has a maximum valley elevation of 126 m
(all elevations referenced to NAVD88), decreasing to 105 m at 600 m downstream (Figure 5). The valley
width is greatest near the upstream outfall pipe where the distance between north and south valley
banks is 35 m. Valley width decreases in the downstream direction, reaching 5 m at the confluence of
Calico Creek (Figure 5). The first 100 m of the channel corresponds to the infilled reach of the pre-outfall
pipe canyon. The atypical shape of this channel reach is attributed to the infilling of the canyon when
the outfall pipe was installed in 1992. Downstream of the outfall pipe, the modern canyon tends to
meander along the first 300 m, becoming straighter in the downstream direction (Figure 5).

4.3. Long-Channel Profile

Figure 6 shows the long-channel profiles of the north and south valley banks, and channel bed
for the 600 m ephemeral reach. The south valley bank elevations range from 122 m to 109 m over
the 600 m study reach, yielding a slope of 0.021. The north valley bank is relatively lower than the
south, with a maximum and minimum elevation of 123 and 105 m, respectively, yielding a slope of
0.03. Channel bed elevations range from 116 m at the upstream limit of the infilled channel to 101 m
downstream, where the valley bank elevation eventually converge with the channel bed (Figure 6).

This general view of the long-channel profile is interrupted by two abrupt breaks in channel bed
elevation. The first occurs at 200 m downstream and is associated with the transition between the
filled channel reach and the opening of the outfall pipe at the start of the gabion lined canal (Figure 6).
The second occurs at 300 m downstream and marks the transition between the gabion canal and the
natural channel bed (Figure 6). These two breaks in channel bed elevation highlight channel incision
that occurred from 1930 to 1992, and from 1992 to 2012, or pre- and post-outfall pipe installation,
respectively. The bed elevations along the natural channel reach between 300 and 600 m downstream
range from 105 to 100 m, yielding a slope of 0.008.
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Figure 6. Long-channel profile of the Sand River study reach as a function of downstream distance
from the Hitchcock Woods access way. The solid black line marks the location of the channel bed,
while the black and gray dots mark the valley banks. A break in the channel bed slope occurs at 200 m
downstream and is associated with opening of the outfall pipe. Another slope break occurs at 300 m
downstream where the gabion canal transitions to natural channel bed.

4.4. Channel Width and Depth

The 2002 and 2012 cross-section profiles are shown in Figure 7. At 150 m downstream of the
outfall pipe, the channel width is 11 m, and the average depth is 2.42 ± 1.23 m. At 240 m downstream,
channel width is 14 m and is associated with an active cut-bank (Figure 7). The mean depth along the
240 m cross-section profile is 3.17 ± 1.35 m. The channel is widest at 425 m, where the bank-to-bank
distance is 30 m due to the presence of an active cut-bank. The average depth along the 425 m
profile is 3.16 ± 1.47 m. At 600 m downstream, the channel width is 12.4 m, with an average depth of
2.38 ± 1.28 m.

Comparing the 2002 and 2012 cross-section profiles reveals channel widening and deepening at
all transect locations (Figure 7). Specifically, the channel width increased by 2, 4, 3, and 1 m at 150,
240, 425, and 600 m, respectively. More often than not, the channel widening was associated with
erosion of the right (southern) bank (Figure 7). The comparison also reveals incision, or deepening,
of the channel over the 10-year period. For instance, the average depth at 150 m increased from 1.14
to 2.43 m. Likewise, average depths increased from 1.94 to 3.17 m at 240 m downstream (Figure 7).
At 425 m, the average depth increased from 2.85 to 3.16 m. At the 600 m site, the average channel depth
increased from 1.21 to 2.38 m. This 2D assessment reveals that, on average, the active channel of the
Sand River canyon widened by 2.5 m from 2002 to 2012. At the same time, channel incision occurred at
all transect sites over the 10-year period, albeit at a lesser extent than changes in channel width.



Water 2020, 12, 3441 10 of 16

Figure 7. Cross-section profiles at (a) 150 m; (b) 240 m; (c) 425 m; and (d) 600 m downstream of
the stormwater outfall pipe. The solid line represents the 2002 transects of Julian and Torres (2006).
The dashed line shows the cross-section profiles extracted from the 2012 lidar DEM. The comparison of
the 2002 and 2012 profiles reveals deepening and widening of the channel over the 10-year interval.

4.5. Volume Sediment Flux

The volume of the canyon above the gabion base elevation and including the infilled pipe reach is
5.8 × 105 m3 (Table 2). Hence, the estimated volume flux of sediment out of the Sand River, from 1930
to 1992, was 9354 m3/yr. Similarly, the volume of the canyon between the base of the gabion canal
and the natural channel bed was 4.98 × 104 m3, yielding a volume flux rate of 2490 m3/yr associated
with erosion of sediment out of the channel from 1992 to 2012 (Table 2). Altogether, the 3D assessment
reveals that a total volume of 6.3 × 105 m3 of sediment has been eroded from the Sand River canyon
over the 82 years in response to watershed urbanization. Moreover, sediment flux estimates, for the
time interval from 1992 to 2012, highlight continued erosion, albeit at a slower rate, in the last 20 years
of the study (Table 2).

Table 2. Summary table of channel volume (m3) and volume sediment flux (m3/yr) for channel
corresponding to the 87- and 10-year time intervals from 1930 to 1992 and from 1992 to 2012, respectively.

Time Interval Channel Volume (m3) Volume Sediment Flux (m3/yr)

1930–1992 5.8 × 105 9354

1992–2012 4.98 × 104 2490

Total canyon volume (2012) 6.3 × 105

5. Discussion

Humanity has a longstanding relationship with rivers and the water resources they provide.
For hundreds of thousands of years, humans have benefited from rivers for food and water needs,
and also for navigation [75]. More recently, our interactions with rivers and watersheds have expanded
to resource extraction and energy supply [14], and manipulation of watersheds to accommodate urban
development [35,36]. Even more recently, the post-industrial revolution period from ~1950 to the
present is referred to as “the Great Acceleration” due to an exponential rise in human population and
associated increase in human impacts on natural systems [76]. In the case of rivers and watersheds,
this has led to a global marked increase in water quality issues, declining biodiversity, and stream
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channel degradation [29]. The Sand River canyon represents an extreme example of the profound
influence humans can have on a natural system. Specifically, we have shown that the Sand River has
deepened by up to 35 m below its original channel bed elevation in response to accelerated watershed
urbanization that peaked from 1930 to 1992.

While the morphological response of river channels to watershed urbanization has been widely
recognized, our understanding of the associated magnitudes, rates, and controls is largely limited by
sparse data and anecdotal information [50], and this is particularly true for the Sand River. In fact,
this is the first study to quantify the morphological response of the Sand River to a century of land
use change within the upstream watershed. Our poor constraint on processes and associated rates
of channel response to natural and human activity is further confounded by the scarcity of studies
on urbanization effects in cohesive rivers. Hence, we contend that our study is unique in that it
(1) provides an assessment of channel morphology prior to land use change impacts and (2) provides a
multi-decadal assessment of the rates and spatial scales of cohesive channel adjustment to accelerated
urbanization within the watershed. The Sand River long-channel profile reveals a 20 m drop in
elevation between the upstream infilled reach and the base of the gabion canal (Figure 6), revealing
that the most dramatic morphological adjustment occurred in response to a 131% increase in urbanized
watershed area from 1930 to 1992. The long-channel profile also reveals a 3 m decrease in elevation
downstream of the stormwater outfall pipe, indicating continued adjustment of the channel, during the
20-year interval following installation of the pipe and gabion, and under relatively stable land use
change conditions within the watershed (Table 1). The comparison of the 2012 and 2002 channel
cross-section profiles also shows that, for the four transect sites presented here, the channel is actively
incising and widening at a rate of up to 0.4 m per year. This local-scale evidence indicates that the
Sand River is still adjusting land use change within the watershed that peaked more than twenty years
ago. These findings are similar to those of [36] who used a combination of historical analysis and field
work to assess the morphodynamic response of a semi-alluvial river channel in Canada to 70 years of
urban development. They found that urbanization within the watershed peaked in the mid-1960s,
triggering substantial incision and widening of the downstream river channel, and that the system
continued to adjust. They concluded that the river system, which had similar bed material to the Sand
River (sands and gravels with interstitial clays) had not fully adjusted to the urban regime despite
over 70 years since the onset of urbanization, and over 50 years of constant land use change. Together,
our findings and those of [36] suggest that cohesive channel re-equilibration in response to watershed
urbanization is associated with spatial scales of up to 20–30 m and century-scale time periods. Finally,
volume sediment flux estimates that sediment was removed from the canyon at a rate of 9354 m3/year
from 1930 to 1992, and we attribute this to channel erosion in response to a 131% increase in urbanized
watershed area. Sediment flux estimates also reveal continued erosion within the channel, albeit at a
slower rate of 2490 m3/yr following installation of the stormwater outfall pipe and gabion walls in
1992. Our estimated flux rate for the time interval of 1992–2012 is in agreement with values reported
by Julian and Torres, who estimated that 2800 m3 of bank material was eroded from the Sand River
over a period of 14 months [51]. These findings indicate that installation of the stormwater outfall and
gabion worked to decrease channel erosion rates but did not stop it completely.

Altogether, our findings reveal that the Sand River represents a cohesive, ephemeral river channel
that has not yet attained a new “equilibrium shape” [9] in response to watershed urbanization that
began at least 82 years ago, and which peaked over 20 years ago. We contend that the channel
will continue to adjust until this balance is restored [36,44]. This assertion is consistent with other,
albeit sparse, long-term datasets which suggests that a true equilibrium may only be possible after a
decade- to century-long time lag, and under constant land use conditions [36,50,77]. In the case of the
Sand River, ongoing morphological adjustment in response to watershed urbanization has occurred
for almost a century. We have shown that, at least for the four transect sites presented here, the Sand
River is currently widening at a faster rate than it is incising, indicating that the channel is in the
third phase of channel evolution [44] at 80 years after initial disturbance, and after 20 years of stable



Water 2020, 12, 3441 12 of 16

land use conditions within the watershed. Continued stability with the watershed may allow the
channel to transition into the fourth and final phase of channel evolution [44], and ultimately a new
state of dynamic equilibrium. This raises new questions about what the new “equilibrium shape”
might look like for the Sand River, and when such an equilibrium state might be attained. Perhaps the
channel may only require minimal (<0.5 m width and depth) horizontal and vertical adjustment before
reaching a new balance

Our findings on the space and time scales of channel re-equilibration to human interference have
important implications for other river systems that are in earlier stages of channel re-equilibration due
to land use change. For instance, [35] assessed river channel response to 30 years of land use change
within the Balason and Mahananda river watersheds in India. In their case, channel narrowing and
incision were the dominant responses observed for their 30-year period of records, indicating that their
channel was in the second phase of channel evolution [44]. Continued land use change is likely to
push the channel of [35] into the third, widening phase of channel evolution, and we have shown that
this third phase could last for several decades. The information presented here also has important
implications for newly established gullies that arise from the conversion of natural watershed surfaces
into urban landscapes. For instance, [78] used digital orthophotography and geospatial techniques
to construct the pre- and post-urbanization digital surfaces of a river basin. The stream networks
generated from each digital surface revealed the emergence of urban gullies in areas adjacent to
developed lands, likely due to the focused stormwater flows and lack of engineered drainages to
manage runoff flows [7]. Indeed, such gullies are forming along the periphery of the Hitchcock woods
(i.e., Dibble Creek and Callico Creek in Figure 5), and we speculate that these young gullies are similar
to the Sand River channel during earlier stages of channel evolution. Within this context, we contend
that these gullies, as well as other newly established urban gullies in other parts of the world, may be
on a trajectory for substantial widening and incision over the next century should urban landscapes
continue to take the place of natural watersheds.

Other factors, specifically implementation of local-scale efforts to mitigate channel erosion,
could prolong the natural process of channel re-equilibration, or simply displace the issues to
downstream reaches. In the case of [35], anthropogenic embankments prevented widening of the
channel, and it was possible that such local erosion control efforts prolonged the transition from
phase 2 (channel incision) to phase 3 (widening) [44]. It is important to note, however, that our
findings on decadal-scale channel adjustment are limited to the transect locations of Julian and
Torres. Hence, this study provides a general understanding of how channel conditions have changed
from 2002 to 2012, and more work is needed to determine how the channel is adjusting in between
these four sites. Nevertheless, the data and insights provided here have important implications for
management strategies for the Sand River system. In particular, the multi-decadal sediment flux rates
and morphological datasets provided here can be used to initialize and validate numerical models
that can be used to predict the channel morphology associated with engineering efforts that aim
at slowing or stopping erosional processes within the river channel, thereby adding scientific rigor
to management strategies. Such models could also provide useful tools for predicting the channel
geometry associated with the new equilibrium condition, as well as the space and time scales associated
with re-equilibration under present and future land use change scenarios. This information can aid in
future management and restoration decisions for the Sand River and can be generalized to evaluate
cohesive channel response for other urban river systems worldwide.
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