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Repeated measurements of two small streams in northeastern Vermont document change in channel width
and suggest variable rates of widening because of passive reforestation over four decades. Historic data on
channel width are available for several tributaries to Sleepers River in Danville, VT, USA from the 1960s. In
2004 and 2008, we re-measured channel dimensions in two of these tributaries, in two reaches of upper
Pope Brook and along seven reaches of an unnamed tributary (W12). Four reaches had reforested since
1966; two reaches remained nonforested. The other three reaches have been forested since at least the
1940s. Comparisons between 1966 and 2004 showed that reforested reaches widened significantly, and
comparisons between 2004 and 2008 showed continued widening, but at a greater rate. Between 1966 and
2004, reforested reaches widened at an average rate of 4.1 cm/year, while the rate more than doubled for the
last four years (8.7 cm/year). Additionally, turbulence data collected during five peak flows in the spring of
2005 showed significantly greater turbulent kinetic energy (TKE) in the reforested reach than in either the
forested or nonforested reach. Our data add supporting information to the conceptual model of stream W12
that describes a process of incision, widening, and recovery of a stream reach transitioning from nonforested
to forested riparian vegetation.
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1. Introduction

Riparian vegetation exerts important influences on stream channel
morphology through processes functioning at the scale of the bank
(Gray and MacDonald, 1989; Thorne, 1990; Dunaway et al., 1994;
Montgomery, 1997; Stott, 1997; Abernethy and Rutherfurd, 1998;
Simon and Collison, 2002; Pollen et al., 2004; Rutherfurd and Grove,
2004; Wynn and Mostaghimi, 2006), the floodplain (Pasche and
Rouve, 1985; Jeffries et al., 2003; Griffin and Smith, 2004; Smith, 2004;
McBride et al., 2007), and the riparian corridor as a whole
(Montgomery, 1997; Millar, 2000; Gurnell et al., 2001). Riparian
vegetation eludes simple quantification or description because of
variation in density, species diversity, maturity, and rates of growth.
The influence of riparian vegetation on stream channel morphology is
further complicated by variations in background conditions including,
but not limited to, discharge and sediment regimes, bank material
composition, climate, and anthropogenic modifications. In spite of
these complicating factors, several studies have shown distinct dif-
ferences in morphology resulting from two broad types of vegetation:
forests and grasslands (i.e., nonforested). A collection of studies from
widely different geographic locations indicates that stream reaches
with riparian forests are wider than those with nonforested
vegetation (Zimmerman et al., 1967; Murgatroyd and Ternan, 1983;
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Clifton, 1989; Sweeney, 1992; Peterson, 1993; Davies-Colley, 1997;
Trimble, 1997; Scarsbrook and Halliday, 1999; Hession et al., 2000;
2003; Sweeney et al., 2004; Allmendinger et al., 2005; Roy et al., 2005;
McBride et al., 2008). In contrast, other studies suggest that widths of
streams through grassland are generally greater than those through
forest (Charlton et al., 1978; Hey and Thorne, 1986; Gregory and
Gurnell, 1988; Rosgen, 1996). On the surface, these findings appear
contrary, but they may be partially explained by a scale-dependent
effect of riparian vegetation with catchments of different sizes
(Anderson et al., 2004).

Ideas about the geomorphic processes responsible for the
observed differences in channel widths are varied and nearly all
remain untested. Additionally, some processes may be influential
during an adjustment period when riparian vegetation and the stream
morphology are in flux (i.e., long-term transformation after a
threshold change), while other processes may function to maintain
a dynamic equilibrium once a particular vegetation community is
established and mature (i.e., short-term fluxes around an average
state; Knighton, 1998). For example, a reforesting stream may
experience considerable erosion as it transitions to a wider form
(Murgatroyd and Ternan, 1983; Smith, 1992), but mature riparian
forests are generally found to have lower rates of bank erosion than
nonforested counterparts (Pizzuto and Meckelnburg, 1989; Stott,
1997; Allmendinger et al., 2005). Previous studies have attributed the
process of channel widening to two main effects: 1) the suppression
of grassy and understory vegetation on the banks and within channels
with a closed canopy (Murgatroyd and Ternan, 1983; Davies-Colley,
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1997); and 2) local scouring from large woody debris (LWD);
Zimmerman et al., 1967; Murgatroyd and Ternan, 1983; Trimble,
1997; 2004); however, recent research questions the significance
of these processes in long-term channel widening (McBride et al.,
2008). Moreover, it is unclear how to resolve the conundrum that
mature forests will continue to provide shade and continual
recruitment of LWD, but also strengthen banks and slow channel
migration (Stott, 1997; Parkyn et al., 2003; Allmendinger et al.,
2005). Other processes may be contributing to channel widening,
including the hydraulic effect of forested vegetation during
overbank flows (McBride et al., 2007). A flume experiment that
modeled the addition of forested vegetation to the floodplain of a
small, previously nonforested stream found that turbulence was
strongly amplified along a wide area between the floodplain and
the main channel including the entire bank face (McBride et al.,
2007).

Researchers have attempted to quantify the role that turbulence
plays in stream channel erosion by incorporating measures of
turbulence into estimations of boundary shear stress (Kim et al.,
2000; Biron et al., 2004; Daniels and Rhoads, 2004). Because
turbulence creates instantaneous forces much greater than time-
averaged values, sediment transport can occur at flows where the
time-averaged conditions are below the critical entrainment thresh-
old for sediments (Nelson et al., 1993; McLean et al., 1994; Roy et al.,
1999). When increased turbulence is coupled with high downstream
velocities, entrainment and transport of bank sediments are likely
amplified (Thompson, 2004). Reach-averaged boundary shear stress,
although commonplace, does not account for the role of turbulence,
and methods that incorporate turbulence parameters may be more
appropriate in some applications (Hilldale and Papanicolaou, 2001;
Biron et al., 2004; Daniels and Rhoads, 2004 ). Turbulence parameters
may help to explain long-term channel-widening processes and
observed differences in rates of bank erosion.

In this paper we add to a previous study that compared historic
and current channel-size data from the Sleepers River Research
Watershed (SRRW) in Danville, VT (McBride et al., 2005, 2008). One of
the first studies to document the influence of riparian forests on
channel form was completed within the SRRW by Zimmerman et al.
(1967). In 2004, two of the streams described in Zimmerman et al.'s
(1967) study were revisited to assess potential changes in channel
dimensions and LWD characteristics in response to riparian refores-
tation (McBride et al., 2008). Our objectives were (i) to document
more recent channel change from 2004 to 2008; (ii) to assess rates of
widening of small streams in response to reforestation; and (iii) to
report on in-stream measurements of turbulence and how turbulence
might explain the process of stream widening. Additionally, new
findings were related to the conceptual model on channel widening
described in McBride et al. (2008).

2. Study area

The SRRW is located in northeastern Vermont and is one of the
longest-running, cold-region research watersheds in the United States
(Fig. 1). Sleepers River drains 111 km? of mainly forested lands
(~67%); agriculture and rural residences are the other common land
uses (Shanley et al., 1995). The SRRW sits within the rolling
topography of the Vermont Piedmont, where elevations range from
201 to 780 m (Shanley et al., 1995). The surface geology is described
as calcareous till (1 to 20 m in depth) sitting atop the Waits River
Formation bedrock, a metamorphosed limestone (Shanley et al.,
1995). Our studies have focused on two streams: (i) stream W12 is an
unnamed tributary to Sleepers River that drains a 2.1-km? catchment
of mixed land use; and (ii) upper Pope Brook, another tributary,
is a headwater stream that drains a 1.1-km? forested area within
State of Vermont forest lands. Forests are predominantly mixed with
coniferous and deciduous trees. The most common species are

Northern White Cedar (Thuja occidentalis), Yellow Birch (Betula
alleghaniensis), White Spruce (Picea glauca), Balsam Fir (Abies
balsamea), and Sugar Maple (Acer saccharum).

Local climate and discharge records for the SRRW are incomplete;
however, regional long-term records reveal some important trends.
Within the SRRW, mean annual temperature is 6 °C, and mean annual
precipitation is 90 cm (Shanley et al., 1995). Long-term meteorol-
ogical records in Burlington, Vermont provide similar statistics,
with 7 °C for mean annual temperature (NWS, 2009a) and 85 cm
for mean annual precipitation (NWS, 2009b). In the years preceding
Zimmerman et al.'s (1967) study (1960-1965), climate conditions
were cooler and dryer than these norms; on average, the mean annual
temperature was 1 °C less than and mean annual precipitation was
9 cm less than normal. In the years spanning our current study (2004-
2008), climate conditions were warmer and wetter than average;
on average, the mean annual temperature was almost 1 °C greater
than and mean annual precipitation was 19 cm more than normal.
Additionally, recent discharge records from Sleepers River (United
State Geological Survey gage #01135300) indicate that in August of
2008 the gage recorded the third largest peak flow since October of
1990 (USGS, 2009).

3. Methods
3.1. Field methods

Data were collected in a total of nine reaches. Seven of the
reaches were in W12: two nonforested sites (NF1 and NF2); one
forested site (F1); and four reforested sites (R1-R4). Reforested
sites were those identified as nonforested in 1966 by Zimmerman
et al. (1967) but have reforested in the last 40 years. The other two
forested reaches were in upper Pope Brook (F2 and F3). All reaches
were 75 m long, a length equivalent to approximately 20 bankfull
widths. Data collection methods for 2004 are described in McBride
et al. (2008). In the fall of 2008, bankfull widths were re-measured
in all reaches, mimicking the 2004 methods, where we used a
flexible tape drawn taut and perpendicular to the bankfull channel.
In W12 reaches, bankfull widths were measured approximately
every 8 m. In upper Pope Brook, we only measured widths at
permanent cross-sections. Bankfull elevations were determined
considering a combination of the presence or absence of perennial
vegetation, topographic breaks in the bank, and a change in
sediment texture or size (Dunne and Leopold, 1978). Ice in the
streams prevented us from collecting data on bed width, as was
collected in 2004 to match the field methods of Zimmerman et al.
(1967); McBride et al., 2008).

In the spring of 2005, we collected three-dimensional velocity data
in reaches NF1, R1, and F1 during five high flows (Fig. 2). Three-
dimensional velocities were measured with a Nortek Vectrino
Acoustic Doppler Velocimeter (ADV; Annapolis, MD). Levels were
attached to the ADV to ensure that the equipment was properly
braced and maintained in a fixed position. The ADV sampled at a rate
of 25Hz for approximately 90s, at which time stationarity was
attained.

Three-dimensional velocities were measured at six locations
within each reach at near-bed (approximately 1 cm from the bottom
surface) and 0.6-depth elevations. Measurement locations were
selected along the outer edges of two curved, unobstructed sections
within each reach. The planform of stream W12 could be classified
as sinuous-straight, because it does not have the morphology or
organized hydraulic characteristics of a larger, meandering system
with a pattern of alternating meander bends. At each section,
velocities were measured at three points along a transect approxi-
mately 10 cm from the stream bank and spaced approximately 50 cm
apart (Fig. 3). Although we would have preferred to sample along
straight segments of the channel, we were limited by shallow
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Fig. 1. Location of the SRRW showing drainages and reaches of W12 and upper Pope Brook.

water depths and a minimum depth of 12 cm required by our
instrumentation.

Sampling dates were chosen during the high flow period of snow
melt and following rainfalls (Table 1). We were unable to collect
measurements during the highest flows of snow melt during mid-
April because anchor ice remained in the forested reaches (R1 and F1).
Discharges were determined using the velocity-area method, and
velocities were measured using a Marsh-McBirney velocity meter
(Hach Company, Loveland, CO). For each sampling date, the discharge
was determined at NF1 at the beginning and end of the ADV sampling.
On June 1, 2005, we collected discharge data at all three reaches.

3.2. Analytical methods for channel dimensions

Differences in mean bankfull width over four years (between 2004
and 2008) were tested using a series of two-sample t tests and
assessed using a percent difference. A total of seven t tests were
performed on the W12 reaches. Homogeneity of variance was tested

in all cases using Levene's test (SAS, 2004). Percent differences (PD)
between 2004 and 2008 data were determined as

PD = (W5008 —Wo04) / Wagos x 100 (1)

where Whgog is the mean bankfull width as measured in 2008, and
Waoo4 is the mean bankfull width as measured in 2004. We tested
whether the PD of reforested reaches were greater than other reaches
using the nonparametric, one-tailed Mann-Whitney test (Zar, 1999).
Channel dimension data from previously published, paired forested
and nonforested studies (Davies-Colley, 1997; Hession, 2001) were
also compiled to produce hydraulic geometry relationships between
bankfull width and drainage area as described by McBride et al. (2008).

3.3. Analytical methods for ADV data

Post-processing methods were used to ensure quality ADV data
and the best representation of true velocity conditions. Erroneous
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Fig. 2. Photographs of reaches NF1 (A), F1 (B), and R1 (C). Pink and white flaggings show locations of ADV sampling.

data because of communication errors, low signal correlation, low
signal-to-noise ratios (SNR), or effects of aliasing can bias values of
mean velocity and turbulence statistics (Lane et al., 1998). Post-
processing methods mirrored those of McBride et al. (2007). A total of

Table 1

ADV sampling dates, flows, and mean velocities.

Date Time Reach Flow Mean velocity ~ Flow estimates (m>/s)

3 R

(m/s)  (mys) NFI Rl Fi

4/29/2005 9:00 NF1 0.082 0.59 0.079 0.066 0.055
15:00 NF1 0.076 0.55

5/6/2005 9:00 NF1 0.036 044 0.036 0.030 0.025
15:00 NF1 0.036 043

5/10/2005 11:00 NF1 0.032 0.42 0.032 0.026 0.022
17:00 NF1 0.031 0.42

5/11/2005 8:00 NF1 0.032 041 0.032 0.027 0.022
11:00 NF1 0.032 0.42

6/1/2005 11:00 NF1 0.032 0.40 0.030 0.025 0.021
13:00 F1 0.021 0.13
14:00 R1 0.025 0.27

16:00 NF1 0.028 0.36

Flow estimates for NF1 are mean values of the two measured flows each day. Flow
Fig. 3. Photograph of left bank of reach R1 with sampling locations shown relative to the estimates for R1 and F1 are 83% and 70%, respectively, of the NF1 flow estimates, based
bank surface. on the proportionality observed on June 1, 2005.
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177 velocity files were recorded, and of those eighteen files were
discarded because of insufficient retained data. Of the remaining files,
the mean percentage of retained points was 98.9%. Post-processing of
velocity data was completed using ExploreV software from Norte-
KkUSA (Annapolis, MD).

Following data post-processing, mean velocities in the streamwise
(U), lateral (V), and vertical (W) directions and turbulent kinetic
energy (TKE) were calculated. Because the short-term variation of
velocities around the time-averaged values is an essential aspect of
turbulent motion, the intensity of turbulence can be quantified as:

TKE = 0A5p(<u’2> + <v?> 4 <w’2>) 2)

where p is the density of water (1.0 g/cm®) and <u'*>, <v'%>, and <w'>>
are the mean square differences between the instantaneous velocities
and the time-averaged velocities in the streamwise, lateral, and vertical
directions, respectively (Clifford and French, 1993).

Differences in turbulence and velocities among the three reaches
were evaluated using an analysis of covariance with discharge as the
covariate. Discharge values for NF1 were estimated as the average
between the beginning and ending measured flows of each sampling
date (Table 1). Discharge values for F1 and R1 were estimated as a
proportion of the average NF1 discharge, based on the proportionality
measured on June 1, 2005 (Table 1). When the analysis of covariance
uncovered significant differences, Tukey's HSD multiple comparison
test was used to evaluate differences in mean values (Zar, 1999).
Statistical testing was completed using JMP software v.5.0.1.2 (SAS
Institute, Cary, NC).

4. Results
4.1. Riparian reforestation and land use change

Substantial riparian reforestation has taken place adjacent to W12
since the Zimmerman et al. (1967) study (Fig. 4). In 1966, W12 had
~50% of its total stream length bordered by nonforested vegetation
(Zimmerman et al., 1967), while during this study roughly 20% of the
stream remained bordered by nonforested vegetation. These non-
forested sections of W12 have been actively mowed and may have

Riparian vegetation
Sod
#\.» Thicket
N\ Forest

had cattle introduced periodically. Riparian forests at reaches F1, F2,
and F3 were at least 60 years old, and forests surrounding F2 may be at
least 85 years old (McBride et al., 2008). Between 2005 and 2008,
cattle were reintroduced at reach NF1. None of the other reaches had
any changes in land use or land cover of the adjacent riparian areas
during the last four years.

4.2. Channel width

The reforested reaches of W12 increased in width from 1966 to
2004 (McBride et al., 2008), and continued to widen between 2004
and 2008 (Fig. 5). Among all reaches, the change in mean bankfull
width ranged from — 7.2 to 28.5 percent (Table 2). Only reach R1 had
a significantly greater bankfull width in 2008 than that measured in
2004 (p=0.029). Three of the four reforested reaches in W12
(reaches R1, R2, and R3) experienced the greatest change in mean
bankfull width, as shown by the three highest PD (28.5%, 12.1%, and
11.4%, respectively). When the reforested reaches were compared
against all other reaches, they had significantly greater PD (p = 0.05).
Reach NF1 increased in width by nearly 10%, a potential response to
the introduction of cattle (Belsky et al., 1999).

With width measurements available at three distinct points in
time, annual rates of widening can be estimated for reforested reaches
with the crude assumption of linear change. Between 1966 and 2004,
the four reforested reaches widened at a rate of 4.1 cm/year. In the
four years since 2004, the four reforested reaches widened at a rate of
8.7 cm/year. McBride et al. (2008) also found an increase in bed width
for forested (2.1 cm/year) and nonforested reaches (1.1 cm/year)
between 1966 and 2004, but within the last four years these reaches
did not experience a significant change in width. The mean PD for
these reaches was 0.94%, which was not significantly greater than zero
(t=0.34, p=0.375).

Bankfull widths were plotted with hydraulic geometry relation-
ships developed for forested and nonforested reaches of previous
studies (Fig. 6). Although hydraulic geometry relationships are
generally specific by region, our data corresponded well with data
from Pennsylvania (Hession et al., 2003) and New Zealand (Davies-
Colley, 1997). In general, widths from our study may be relatively
smaller than widths from Pennsylvania and New Zealand because the

Reforestation zones [
#\_s no change

reforestation

O Reach location

g Drainage basin

Fig. 4. Aerial photographs of the W12 in 1965 (A) with the riparian classifications of Zimmerman et al. (1967) and in 1999 (B) with reforested segments highlighted and sample

reach locations identified.
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Fig. 5. Box plots of bed and bankfull width data from 1966, 2004, and 2008 showing
median values (mid-line), 25th and 75th percentiles (box), and 10th and 90th
percentiles (whiskers).

northeastern Vermont climate is dryer and cooler (McBride et al.,
2008). Forested reaches were substantially wider than nonforested
reaches for a given drainage area, and reforested reaches plot between
those two sets of points. Only reforested reaches displayed much
difference between 2004 and 2008 plotting points. The three

Table 2
Current and past channel width measurements.

Reach Stream Mean width (m)
1967 2004 2008 PD

NF1 W12 0.81 1.50 1.64 9.9%
(6,0.22) (10, 0.54) (10, 0.43)

NF2 w12 0.67 143 1.42 —0.8%
(6,0.12) (7,0.38) (10, 0.52)

R1 w12 0.70 239 3.07 28.5%
(9,038) (10, 0.51) (10, 0.93)

R2 W12 0.65 2.48 2.77 12.1%
(10, 0.30) (10, 0.49) (10, 0.53)

R3 w12 1.24 3.06 3.40 11.4%
(9,0.34) (10, 0.57) (10, 0.85)

R4 W12 0.51 2.74 2.80 2.1%
(8,0.27) (9,0.82) (10, 0.51)

F1 W12 1.23 3.26 3.27 0.4%
(11, 0.58) (10, 0.67) (10, 0.59)

F2 Pope 1.70 3.61 3.70 2.4%
(10, 0.77) (3,1.86) (3,2.25)

F3 Pope 1.42 3.26 3.02 —7.2%
(10, 0.33) (3,0.90) (3,0.82)

Bolded mean values are significantly different with o = 0.06. Mean widths for 1967 are
bed widths, while 2004 and 2008 data are bankfull widths. Numbers in parenthesis are
n and standard deviation. PD is percent difference between years 2004 and 2008.

6
Nonforested ® 2004 O 2008 FOreStas
Reforested w 2004 <7 2008
5 4 | Forested m 2004 [J 2008
£ 47
= Nonforested
9
3 34
5
=
=
@ 2
1 -
F width=2.14log(area)+3.40
o NF width=1.53log(area)+1.85

0.1 1 10
Drainage area (km?)

Fig. 6. Bankfull width hydraulic geometry for forested and nonforested reaches (plotted
as lines) from Davies-Colley (1997) data (n=11) and Hession et al. (2003) data (n=7)
and mean bankfull widths of nine study reaches from 2004 and 2008 (plotted as
points).

reforested reaches with the larger drainage areas exhibited the
greatest increase in width between 2004 and 2008.

4.3. Velocities

Marked differences in mean velocities and point velocities were
found for different riparian types and discharge events. The discharge
events captured during ADV sampling ranged from 0.028 m>/s to
0.082 m?/s at reach NF1 (Table 1). All flows were contained within the
bankfull channel. Based on the flow measurements of June 1, reaches
R1 and F1 were estimated to experience a fraction of these flows (0.83
and 0.70, respectively). Mean velocities at the flow gaging cross-
sections differed greatly by riparian type; mean velocity was lowest at
reach F1, while the mean of NF1 was almost three times greater, and
the mean of R1 was double the mean velocity of F1 (Table 1).

Conversely, the velocities recorded by ADV at distinct sampling
points along outer bends in the reaches (Fig. 3) generally exhibited
greater values in the downstream, x-direction (U) in reach F1 than in
either NF1 or R1 (Table 3). Lateral velocities (in the y-direction, V)
were most frequently directed into the adjacent bank (negative
values) or were negligible. Vertical velocities (in the z-direction, W)
were most frequently negative, or directed toward the stream bottom.

Table 3

Turbulence and velocity parameters by sampling date and reach.

Date Reach n  Mean TKE U (cm/s) V (cm/s) W (cm/s)

(x10~ ' Pa)

4/29/2005 NF1 10 542 (326) 82 (128) 14 (28) 23 (45)
R1 10 614 (27.7) 66 (132) 25 (54) 05 (3.5)
F1 11 338 (138) 206 (102) 25 (57) 24 (24)

5/6/2005  NF1 11 277 (209) 79 (24) 07 (23) 06 (1.2)
R1 7 248 (144) 89 (34) 04 (50) 01 (16)
F1 11 214 (11.0) 61 (19) 09 (42) 15 (1.8)

5/10/2005 NF1 12 321 (195) 57 (93) 00 (28) 10 (2.7)
R1 8 376 (231) 37 (87) 01 (38) 04 (2.7)
F1 12 187 (11.9) 138 (68) 1.0 (35) 1.1 (1.6)

5/11/2005 NF1 10 327 (165) 58 (94) 15 (3.7) 10 (2.1)
R1 10 484 (37.1) 57 (72) 07 (44) 13 (1.9)
F1 12 196 (17.3) 107 (72) 19 (39) 09 (1.6)

6/1/2005 NF1 12 278 (156) 48 (75) 04 (2.8) 09 (1.6)
R1 11 454 (323) 88 (107) 1.7 (57) 21 (3.1)
F1 12 172 (116) 117 (54) 05 (42) 03 (09)

Standard deviations in parentheses.
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Table 4

Analysis of covariance results for turbulence and velocity parameters.
Parameter Riparian Discharge Whole model Tukey HSD

p-value p-value p-value Groupings

TKE (x10~ ' Pa) <0.0001 <0.0001 <0.0001 R>NF~F
U (cm/s) <0.0001 0.035 <0.0001 F>NF~R
V (cm/s) 0.024 0.643 na R>F
W (cm/s) 0.723 0.111 na na

Analysis of covariance results showed that downstream velocities
were significantly different by riparian type and significantly
influenced by the covariate, discharge (Table 4). A subsequent test
of means confirmed that the forested reach F1 had significantly
greater downstream velocities than the nonforested (NF1) and
reforested (R1) reaches. As described above, average velocities were
lowest in the F1 reach, but point velocities were greatest. For lateral
velocities, discharge was not a significant predictor, but riparian type
corresponded to significant differences. Reaches F1 and R1 were
separated by the Tukey's HSD multiple comparison test, indicating
that lateral velocities were more often directed away from the bank
(positive values) in R1, while the opposite was true in reach F1.

4.4. Turbulence

Turbulence, as measured by TKE, was significantly influenced by
riparian type and discharge. The least squares (LS) mean TKE for the
reforested reach R1 (44.8x 10~ ! Pa) was roughly double the LS mean TKE
of the forested reach F1 (25.0x 10~ ! Pa) and approximately 40% greater
than the LS mean TKE of the nonforested reach NF1 (31.4x10~ ! Pa).
Turbulence increased with increasing discharge for all riparian types
(i.e, no interaction effect between the riparian factor and the dis-
charge factor). Within the reach segment, TKE values recorded near the
stream bottom were not significantly different than those values recorded
at 0.6-depth.

A

100

M. McBride et al. /| Geomorphology 116 (2010) 330-340

5. Discussion
5.1. Channel width and rates of widening

The long history of deforestation, reforestation, and variable
agricultural uses in Vermont, and undoubtedly in other locations as
well, sets a complex context for geomorphic inquiries (Fig. 7). Within
the context of more than one, overlapping, long-term changes, the
response of a stream or river to a single anthropogenic or natural
change may be difficult to determine, such as the riparian reforesta-
tion impacts. Channel width is one of the most responsive and
adjustable geomorphic parameters (Knighton, 1998). Although the
channel widths in our study area may still be “recovering” from the
historic deforestation centuries ago and may continue to evolve in
response to climate change or watershed-scale changes, the decadal
change in riparian vegetation has created a strong and discernable
imprint on the channel morphology. Our measurements over a
shorter period of 4 years confirm that reaches reforested in the last 30
to 40 years continue to undergo the most significant widening. Even
though the climatic conditions were generally warmer and wetter in
the last 4 years, any changes in the discharge regime of stream W12
would have been universal across all of the study reaches.

With our results and other related research, we created an historic
timeline of channel width for stream W12. We presumed that W12
would have had its largest width prior to the impacts of colonization
(e.g. land clearing, channel modifications). The historic channel may
have been a wide, complex and anastamosing system (Walter and
Merritts, 2008). When the W12 catchment was converted to agri-
cultural land, we expect that the stream would have rapidly in-filled
with the increased sediment load and the effects of grassy riparian
vegetation (Leopold, 1973; Davies-Colley, 1997). Sometime post-
narrowing, the sediment load likely decreased because forests re-
colonized portions of the catchment (Bierman et al., 1997; Albers,
2000), and streams perhaps slowly widened in response. This slow
widening was observed in forested and nonforested reaches between
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1966 and 2004. As riparian forests re-grow at W12, we found a fairly
rapid widening following, perhaps, a lag period.

At present, reforested reaches may not be as wide as forested
reaches and are actively widening. The hydraulic geometry relation-
ships show that for a given drainage area forested reaches are wider
than nonforested reaches, confirming previous findings (Zimmerman
et al., 1967; Murgatroyd and Ternan, 1983; Sweeney, 1992; Peterson,
1993; Davies-Colley, 1997; Trimble, 1997; Scarsbrook and Halliday,
1999; Hession et al., 2003; Sweeney et al., 2004; Allmendinger et al.,
2005), while reforested reaches are wider than nonforested reaches
and narrower than forested reaches (Fig. 6). Reach R1 had the greatest
increase in mean width (67 cm) over the four-year period. Relative to
the other reforested reaches, reach R1 was the most undersized given
its drainage area and had the greatest amount of LWD in 2004
(McBride et al., 2008).

Width adjustments can take place at various rates over various
lengths of time (ASCE, 1998; Knighton, 1998). We discovered two
different rates of width enlargement during the time period since
historic data were collected at our study streams. Because reforesta-
tion began at stream W12 sometime between 1966 and 1974 (based
on observations of aerial photographs), the average, long-term
widening rate for reforested reaches may fall between 4.1 cm/year
and 5.1 cm/year. This average rate assumes a linear change in width;
however, we would expect the rate to vary with forest maturity and
year-to-year hydrologic conditions (Fig. 7). Recently, between 2004
and 2008, the reforested reaches widened at an average rate of
8.7 cm/year. The recent, faster widening rate may have been partially
driven by the warm and wet climatic conditions of 2004 to 2008. Few
other studies have attempted to estimate widening rates following
reforestation, but Murgatroyd and Ternan (1983) approximated a rate
of 2.5 cm/year for a stream within a 50-year-old spruce plantation.
Observations of streams in pine plantations suggested that widening
could occur as soon as 18 years following reforestation (Davies-Colley,
1997), and several agree that the process may take decades (Davies-
Colley, 1997; Trimble, 2004; McBride et al., 2008). Some studies have
considered differences in erosion or migration rates between paired
forested and nonforested streams (Table 5), and generally have found
greater rates of erosion associated with nonforested reaches (Pizzuto
and Meckelnburg, 1989; Stott, 1997; Allmendinger et al., 2005).
Although measures of bank erosion or migration rates should not be
directly compared with our rates of stream widening, the similarity
among these rates is noteworthy. The rates of erosion of Murgatroyd
and Ternan (1983), based on erosion pin data, may be uncharacter-
istically low given their 19-month monitoring period (Table 5).

Differences between the long-term and short-term rates observed
at stream W12 may be attributable to a lag effect between cause and
effect (Fig. 7). A lag effect can be pronounced for cases of narrowing, a
transition that requires the import and trapping of large amounts of
sediment (Knighton, 1998). The processes presumed responsible for
channel widening (i.e., scour around LWD, shading of understory
vegetation, increased resistance during overbank flows) will also
develop over time as the forest vegetation matures. Recruitment of

Table 5
Comparison of bank erosion rates between paired forested and nonforested sites.

Location Catchment Riparian Erosion rate Reference
area (km?) type (cm/yr)
Central 6.9-7.7 Forest 4.7 Stott (1997)
Scotland, UK Moorland 5.9
Pennsylvania, 0.4-12.3  Forest 7 Allmendinger et al. (2005)
us Nonforest 34
Southwest 4.8 Reforest 0.52 Murgatroyd and Ternan (1983)
England, UK Nonforest 0.07
Pennsylvania, 743 Trees 4 Pizzuto and Meckelnburg (1989)
us No trees 26

LWD to the stream will be delayed until the forest matures and is
disturbed in some manner (e.g., bank erosion, wind throw). Shading
of understory vegetation and changes to the herbaceous plant
community will increase slowly as the tree canopy develops. The
hydraulics of overbank flows will be more immediately impacted by
young woody stems, but the nature of the resistance and turbulence
will likely change over time as the forest succeeds and matures.

5.2. Turbulence and velocity

Differences in TKE and velocity characteristics among the riparian
types may help explain the widening process at reforested reaches
and describe some persistent differences between forested and
nonforested reaches. The original intent of the in-stream turbulence
measures was to test the hydraulic conditions during overbank flows,
as was studied in flume experiments (Pasche and Rouve, 1985;
McBride et al., 2007). We were not able to collect ADV data during
overbank flow conditions in the snow melt period because of ice
remaining in the forested reaches; however, observations of within
bank flows showed marked differences in velocities and turbulence.
Although we were not able to test for turbulence differences while
flows interacted with the riparian vegetation, our measurements
provided other insights.

First, flow conditions observed during the spring of 2005
confirmed that a greater proportion of the bankfull channel was
filled in reach NF1 than in reaches R1 or F1 for a given flow, similar to
peak stage records of (McBride, 2007). We, in addition to others
(Murgatroyd and Ternan, 1983; Davies-Colley, 1997), suspect that
nonforested reaches have a greater frequency of overbank flows than
either reforested or forested reaches (Fig. 8). Second, average cross-
sectional velocities were lower in F1 and R1 than in NF1, presumably
because the cross-sectional area of those reaches is larger. Although
our finding is based on only one flow, this difference has been
found elsewhere where they also found higher roughness values in
forested stream channels (Quinn et al., 1997; Sweeney et al., 2004).
Interestingly, mean velocities downstream along the outer edge of
curved segments of our reaches were significantly greater in
forested reaches. Presumably, greater variation occurs in velocities
downstream within forested cross-sections because of the larger
cross-sectional area with variable water depths and roughness
elements.

Finally, turbulence differences between the riparian types were
not as extreme as those differences found in physical models but were
significant nonetheless (McBride et al., 2007). Our finding that the
TKE of R1 was significantly greater than NF1 or F1 suggests that the
reforested reaches of stream W12 may have a greater potential for
erosion during peak flows. The greater turbulence in reforested
reaches when contained within the banks and when the floodplain is
inundated (McBride et al., 2007) may partially explain the high rates
of channel widening documented in the last four years and since
reforestation began. Because our turbulence measures were only
replicated at six locations within each reach, we were unable to
identify the driver of these turbulent characteristics. We surmise that
higher turbulence in reforested reaches is a function of an undersized
channel (relative to forested counterparts) with in-stream roughness
similar to forested reaches. A study of turbulent flow at the reach-
scale found that velocities and turbulence intensities were primarily
responding to the gross morphology of the channel, not individual
roughness elements (Legleiter et al., 2007). Relatedly, Buffin-Belanger
etal. (2006) found that variations in TKE at different sampling heights
in a water column were relatively small. Likewise, we found no
significant differences between TKE measured near the bottom of the
channel and at 0.6-depth. TKE was greater at NF1 than F1, which we
attribute to the narrower width of the channel, greater filling of the
bankfull channel, and, hence, greater interaction of flows with the
channel boundary.
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Fig. 8. Sketch of conceptual model of stream W12 with original channel profile repeated throughout. Stage I — equilibrium nonforested; stage Il — reforestation begins and channel
incises; stage Il — incision slows, channel widens, forest matures; stage IV — channel reaches forested equilibrium by either (a) aggradation or (b) creating an inset floodplain.

Relative levels of stream width, rates of lateral erosion, and rates of deposition are graphed adjacently.

5.3. Conceptual model for channel widening of stream W12

With our new findings, we expand on the conceptual model for
widening conceived by McBride et al. (2008); Fig. 8). The conceptual
model explains a multiphase channel adjustment in response to
reforestation at stream W12 where the channel first incises and then
widens in response to changes in the local hydraulics and bank-
resisting forces (McBride et al., 2008). Our conceptual model is similar
to other models that have been proposed for channel evolution
following other disturbances such as channelization and urbanization
(Schumm et al., 1984; Booth, 1990; Hupp and Simon, 1991); however,
our model emphasizes the role of riparian vegetation more than
previous models. Based on width, velocity, and turbulence measure-
ments, we overlaid the model with plausible changes in three key
parameters: channel width; lateral erosion (widening capacity), and
the frequency of overbank flows (Qoverbank; trapping capacity). The
following is a step-by-step description of the conceptual model of

stream W12 in relation to these parameters.

The first stage of the model (stage I; Fig. 8) represents the non-
forested condition as observed in reaches NF1 and NF2. The channel
size is relatively small and provides for frequent floodplain inunda-
tion. Bank erosion and lateral migration are hypothesized to be
relatively high (Pizzuto and Meckelnburg, 1989; Stott, 1997; Allmen-
dinger et al., 2005), but are coupled with a high rate of deposition
because of trapping of sediment by the grassy vegetation and rapid
regrowth of grassy vegetation on exposed deposits (Davies-Colley,
1997; Trimble, 1997; Sweeney et al., 2004). The transition process
begins when trees colonize the nonforested floodplain and bank edge
(stage II; Fig. 8).

In the second stage, the trees are too young to shade out grassy
vegetation or to yet provide LWD to the stream; therefore, minimal
change is expected in bank resistance, in-stream roughness, or bank
erosion. Increased roughness on the floodplain may cause near-bank
turbulence during overbank flows (McBride et al., 2007) and drive
channel incision (McBride et al., 2008). Flume studies have shown a
two-fold increase in TKE at the interface of the floodplain and main



M. McBride et al. /| Geomorphology 116 (2010) 330-340 339

channel during overbank flows when woody stems are introduced to
the floodplain surface (McBride et al., 2007). Increased turbulence
may initiate incision as the stream compensates for the increase
of in-stream energy; however, the amount of vertical and lateral
adjustments to the increased turbulence will be site-specific and will
depend upon many factors such as bed substrate and armoring, bank
cohesion, rooting depth, and upstream sediment supply. If incision is
dominant, we would expect the frequency of overbank floods to
decline. As the roots of woody vegetation begin to grow more deeply
than the nonforested vegetation, lateral erosion may decline for a
period as banks are reinforced with woody and herbaceous roots.

The third stage of the model represents the current conditions at
the reforested reaches (R1-R4). In stage III (Fig. 8), the channel is
deeper and wider than stage [ or Il. Assuming the hydrologic regime is
constant throughout the stages of the model, the floodplain
inundation frequency will have decreased as the channel has incised
and widened. In-stream turbulence during the peak flows contained
within the channel is expected to be high and drive lateral expansion.
The forest vegetation has likely matured at this stage to provide more
shade to limit the growth of grassy vegetation, potentially weakening
streambanks, as speculated in previous studies (Davies-Colley, 1997;
Trimble, 1997). Streambanks may be additionally weakened by the
weight of young trees along the edge of the stream channel (Thorne,
1990; Simon and Collison, 2002).

In the final stage, the channel reaches a new “forested” equilibrium
with a wide, complex channel. Reaches F1, F2, and F3 may not have
yet attained this final stage of the model. We suspect that the channel
will recover from the incision to create an active floodplain either by
aggrading back to the original bed level (stage IVa; Fig. 8) or by
creating a new inset floodplain surface (stage IVb; Fig. 8), or a
combination thereof. Ultimately, the new “forested” channel reaches a
state where the channel has adequate capacity for the discharge and
sediment regimes, given the added roughness of both in-stream LWD
and the forested floodplain. The rate of bank erosion and the
frequency of overbank floods are hypothesized to be lower than the
channel in stage I producing a more “stable” channel; however, scour
and deposition around LWD and logjams may create local “unstable”
zones (i.e., stage [V is not a “static” stream system, rather one that is in
“dynamic” equilibrium).

6. Conclusions

Reforested reaches were shown to have widened by a comparison
of measurements collected in 1966, 2004, and 2008. When narrow,
nonforested reaches of small streams are replanted or re-colonized
with forest vegetation, they begin a long process of reestablishing a
wider, more complex form. Our measurements show a non-linear
widening process that begins slowly and accelerates once riparian
forests have matured. The rate of widening found within the last four
years was perhaps double the rate of widening that occurred between
the time forests re-grow and our first set of data collection in 2004.
Measurements of in-stream velocity and turbulence, collected during
peak flows, demonstrated that the reforested reaches may be
experiencing the greatest turbulence and consequently are the most
dynamic or “unstable” of the three reach types on stream W12.
Although our sample size is small and our geographic extent is
limited, when coupled with previous research and the conceptual
model, generalized conclusions about the dynamics of riparian
vegetation and channel size in small streams are more possible. We
hope our speculations presented in the conceptual model of stream
W12 will prompt future investigations into the effects of widening on
sediment delivery, sediment transport, inundation frequency, and
stream habitat. Because riparian reforestation is a ubiquitous stream
restoration technique, once lost stream habitat may be resurrected
and re-exposed with this channel-widening response in small streams
(Sweeney et al., 2004); however, unanticipated increases may occur

in sediment loads accompanying the width change (Trimble, 2004).
With an awareness of this channel-widening response and its
timescale, stream restoration efforts could be amended to accommo-
date or mitigate for possible undesirable short-term outcomes. For
example, stream restoration activities that involve riparian refores-
tation and in-stream modifications might be designed to accommo-
date width changes (“flexible” instead of fixed, armored channel
margins) or might include strategies to trap sediment within the
restored reach (e.g. with large woody debris). In other cases, when
riparian reforestation is the exclusive treatment for a restored reach,
an adaptive management plan might be needed to respond to
anticipated morphologic change (e.g, deepening, widening) in the
decades following the riparian planting.
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