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Considerable research over the past several decades shows that dams, especially large, flow regulating structures,
fragment watersheds and serve to disconnect the normative downstream flux of sediment and nutrients. Less at-
tention has addressed smaller, channel-spanning Run-of-River (RoR) dams that are more commonly distributed
throughout watersheds. Taking advantage of a suite of RoR dams in New England (USA), we quantify bedload
flux into, through, and beyond the reservoir, and we calculate the residence time of gravel clasts.

Keywords: We used traditional channel surveys to evaluate (dis)equilibrium channel form and develop two equilibrium metrics
Dams based on bankfull shear stress and the bankfull Shields parameter. Additionally, we compartmentalize the bankfull
Bedload channel Shields parameter as a linear combination of bedload and suspended load components to better quantify
Passive tracer channel evolution in response to changes in sediment supply. To accomplish these goals, we embedded Radio Fre-
RFID quency Identification (RFID) PIT tags in 791 gravel clasts ranging in size from 15 mm to 81 mm, which were subse-
Connectivity quently deployed within and upstream of the impounded reservoirs. Among the 503 tracers that were transported
Virtual velocity from their deployment location, the median cumulative distance traveled was 30 m and the maximum cumulative
displacement during the study period was 758 m. Of the total tagged rocks placed at all five sites, 276 rocks were
displaced over the dam, 204 of which spent time in the reservoir between high discharge events; the rest were trans-
mitted through the reservoir and over the dam in a single high discharge event. Among those tracers that spent time
in the reservoir prior to transmission over the dam, the average reservoir residence times at the different sites ranged
from 19 to 203 days. The median grain sizes of tracers that were transported over the dam were identical to those that
moved during the study period and similar to the median grain size of the channel bed. The distribution of virtual ve-
locities of those tracers that moved was approximately log-normal and very broadly distributed over more than six
orders of magnitude. An analysis of variance revealed that the distribution of velocities was partitioned into two sta-
tistically similar groups; with slower velocities in the two smaller watersheds (13 km?-21 km?) with higher average
slopes compared to the larger watersheds (89 km?-438 km?) with lower average slopes. We conclude that RoR dams
transmit and trap the upstream sediment supply within the same range of physical conditions that produce mobility
and trapping in the river's natural reach-scale morphological units. Because RoR dams are likely not trapping more
sediment than is typically sequestered in natural river reaches, these dams do not disconnect the normative down-
stream flux of sediment nor result in channel morphological disequilibrium downstream of the dam. Reaches
below RoR dams have similar geomorphic properties to comparable equilibrium reaches unaffected by dams. How-
ever, the minimal effect that small, channel spanning RoR dams have on the morphological equilibrium state of a
channel does not suggest that RoR dams have no ecological footprint.

© 2020 Published by Elsevier B.V.

1. Introduction

By disrupting the downstream flux of sediment and nutrients and
blocking the upstream mobility of resident and diadromous fishes
(Nilsson et al., 2005; Nilsson and Svedmark, 2002), large dams pro-
foundly affect hydrologic, ecological, and geomorphic systems at local
(Brandt, 2000; Church, 1995; Curtis et al., 2010; Gregory and Park,
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1974; Juracek, 2000), watershed (Graf, 1999; Magilligan et al., 2008),
and global (Syvitski et al., 2005; Vorosmarty et al., 2003) scales. How-
ever, in contrast to the considerable research on large, flow regulating
dams, less attention has been given to smaller Run-of-River (RoR)
dams, notwithstanding their greater occurrence across the landscape.
In the United States (US), for example, the National Inventory of Dams
(NID) documents >80,000 large dams, while the number of smaller
dams may exceed two million (Smith et al., 2002).

Run-of-River dams span the width of the channel but do not impede
discharge (Csiki and Rhoads, 2010). They have short hydraulic residence
times, with reported values of <2 h (Ashley et al., 2006; Poff and Hart,
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2002), and limited sediment trapping efficiency (Brune, 1953), espe-
cially at high flows (Csiki and Rhoads, 2014; Pearson et al., 2011).
Where some sediment storage occurs, or sediment flux is partially at-
tenuated, the downstream impacts of RoR dams mirror those of larger
structures with statistically significant bed grain coarsening (Fencl
etal, 2015; Magilligan et al,, 2016a) or significant decreases in fine sed-
iment (Csiki and Rhoads, 2010; Skalak et al., 2009). In other cases, RoR
dams are not generally observed to create significant discontinuities in
channel morphology or sediment character (Csiki and Rhoads, 2014).

The muted downstream impacts of RoR dams are likely caused by
their limited sediment trapping efficiency, as evidenced by active
scour and fill processes in the reservoir behind RoR dams (Csiki and
Rhoads, 2014; Pearson et al., 2011), particularly after the reservoir stor-
age capacity is filled (Major et al., 2012). Pearson et al. (2011) docu-
mented that reaches downstream of the RoR Merrimack Village Dam
were commonly characterized by episodic deposition and remobiliza-
tion of material (primarily sand) transported over the dam. Less is
known about the transport of coarser material over RoR dams, but
Pearson and Pizzuto (2015), based on field observations and 1D flow
modeling, hypothesized that sediment deposition in the reservoir con-
structs a ramp up to the dam crest that facilitates transport of coarse
material over the dam. They modeled the potential for coarse sediment
transport over an impoundment with a ramp and estimated that clasts
up to ~23 mm could move through the reservoir and ultimately over the
dam crest. Yet they did not directly observe coarse sediment transport
over the impoundment. Casserly et al. (2020), however, recently ob-
served tracer particles greater than the median grain size travelling
through and over two low-head dams in southeastern Ireland, and ar-
gued that the retention of coarser sediment after reservoir scour events
led to transient storage behind the dam and resulted in transient
supply-limited conditions downstream.

An important outstanding question is: when sediment flux disrup-
tion across RoR dams occurs, is it sufficient to cause channel morpholog-
ical disequilibrium downstream of the dam? Although significant
changes in channel bed grain size are observed downstream of some
RoR dams (Csiki and Rhoads, 2010; Fencl et al., 2015; Magilligan et al.,
2016a; Skalak et al., 2009), it is unknown if possible covariate adjust-
ments in other channel parameters (i.e., flow depth, slope) are sufficient
to compensate for these changes in channel bed grain size such that an
equilibrium channel form is maintained even as grain size changes
(Curtis et al., 2010; Dade et al., 2011; Renshaw et al., 2019).

Here we focus on the disruption of bedload transport because it is
more likely to be affected by RoR dams than suspended sediment trans-
port. To directly link the frequency that bedload sediment is transported
over RoR dams with downstream channel (dis)equilibrium, we couple
field monitoring of sediment transport over RoR dams using Radio Fre-
quency Identification (RFID) PIT (passive integrated transponders) tags
in coarse gravel and cobble clasts with detailed reach scale analyses up-
stream and downstream of the dams to characterize potential channel
adjustments following impoundment. Importantly, the goal herein is
as much to evaluate the efficacy of sediment transport across RoR
dams as it is to document and quantify the ways in which stream chan-
nels might maintain equilibrium conditions relative to transient and/or
sustained shifts in sediment supply.

Identifying equilibrium is often difficult in fluvial systems as the sig-
nal to noise ratio can be muted by the inherent variability of hydrologic
and geomorphic processes. At the extreme end where significant
sediment trapping and hydrologic alterations occur at larger, flow-
regulating dams, it is easier to identify channel dis-equilibrium follow-
ing impoundment (Magilligan et al., 2013). However, for RoR dams
where streamflow is minimally altered and sediment trapping is
similarly less affected, traditional metrics for evaluating geomorphic
change, such as channel width or cross-sectional area (Csiki and
Rhoads, 2014), may not be sufficiently sensitive to identify geomorphic
dis-equilibrium. To enhance the sensitivity of our analyses, we obviate a
singular focus on channel parameters by representing the possible
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adjustments in terms of the Shields parameter and bed shear stress
that simultaneously represent variations in characteristic flow depth,
slope, and, in the case of the Shields parameter, grain size, to character-
ize (dis)equilibrium (Curtis et al., 2010; Dade et al., 2011; Renshaw
et al., 2019). Our research questions are: (1) How frequently, if at all,
do RoR dams trap bedload sediment; (2) given the frequency of sedi-
ment trapping, what is the expected average residence time of sediment
within RoR reservoirs; (3) are the downstream channels able to main-
tain equilibrium vis-a-vis these changes in sediment flux? By taking ad-
vantage of the natural experiments provided by RoR dam
emplacements that chronically perturb sediment flux in a manner that
is fixed in time and space, our research questions seek to improve our
understanding of the covariate channel evolution following a distur-
bance and thereby advance our understanding of the fundamental con-
trols on the equilibrium form of a river channel.

2. Study sites and background

During 2016-2017, we sampled eight dammed sites (Figs. 1 and 2,
Table 1) within the Upper Connecticut River watershed, one of the
most dammed regions in the US (Graf, 1999; Magilligan et al., 2016b).
These dams, ranging in age from 60 to 97 yr old, represent a range of
dam heights, slopes, flow regimes, and drainage areas (Table 1). Mor-
phologically, the study reaches are dominated by riffles, pools, and
plane bed units (Montgomery and Buffington, 1997). The channel bed
surface grain size is predominantly gravel across all study sites, though
locally at a few sites there is significant sand content; at 2 of the 69 mea-
sured transects the sand content exceeded 50%. The percentage of filled
reservoir volume ranges from 27 to 95%. No known recent (last decade)
history of dredging exists at any of these sites. Seven of these sites have
RoR dams, generally constructed in the twentieth century to provide
local water supply. As a point of comparison, one of the dams is a
large (>40 m high) flood control, impoundment dam with a permanent
reservoir. At all sites we used the bankfull channel Shields parameter to
assess the (dis)equilibrium form of the channel above and below the
dams. At five of these sites (Fig. 1: Fay Brook Dam (FBR), West Windsor
Dam (WIND), Wild Ammonoosuc Dam (WAM), and Charlie Brown Dam
(CBR)), we tracked gravel into, within, and beyond the reservoir.

The bedrock geology at all eight sites is primarily composed of
Paleozoic-age metamorphic and igneous rocks, which is typical of
the region (Nicholson et al., 2006). Because of the resistant nature
of the local geology and the presence of coarse-grained Pleistocene
glacial deposits, rivers in New England tend to be dominated by
coarse sediment, with some of the lowest fine-grained suspended
sediment concentrations (less than 200 mg/L) in the country
(Rainwater, 1962). Vermont and New Hampshire experience a
humid continental climate, with all basins receiving an average an-
nual precipitation between 100 and 115 c¢cm/yr (PRISM Climate
Group, 2004). The first season of sampling (2016) was typified by
below-normal precipitation and above-normal temperatures com-
bining to generate severe drought conditions throughout New En-
gland (NOAA, 2017). River flows rebounded somewhat in 2017
with a wetter spring and a moderate flood (2-5 yr recurrence inter-
val) that occurred throughout the study area in July of 2017.

3. Methods and analytical approaches
3.1. Equilibrium metric

Mackin (1948) first qualitatively linked equilibrium channel form to
sediment transport dynamics. To quantify this concept, Dade and Friend
(1998) and Dade et al. (2011) noted that conventional sediment trans-
port equations often define sediment flux as a function of the Shields
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parameter, 6, a dimensionless ratio of bed shear stress 7 to submerged
particle weight:

T hS
0= Apgd ~ Rd (1)
where Ap = ps — p where ps and prare the solid and fluid densities, g is
the gravitational acceleration, d is the characteristic grain size, h is the
flow depth, S is the slope, and the relative buoyant density R = Ap/py.
On the right-hand side of this equation the depth-slope product is used
to approximate the bed shear stress (Leopold et al., 1964).

Dade and Friend (1998) and Dade et al. (2011) combined conven-
tional expressions for sediment transport as a function of the Shields pa-
rameter with a quadratic drag law to determine constraints on values
for the bankfull Shields value when the equilibrium channel form is de-
fined, following Mackin (1948), as one in which neither deposition nor
erosion occurs. They showed that for bedload-dominated systems
under bankfull discharge, the bankfull Shields parameter 6y is similar
to the critical value 6, required for the onset of significant sediment
transport. In bedload-dominated channels at equilibrium, the observed
range for 6ysis between 0.03 and 0.09 (Kellerhalls, 1967; Li et al,, 2015;
Parker, 1978; Parker et al., 2007; Trampush et al., 2014). Roberts et al.
(2020) showed that although the onset of sediment motion does not
occur at a singular Shields value, 6. can be defined as that correspond-
ing to a 50% chance of particle movement during a high discharge event.
Lamb et al. (2008) empirically observed that 6, scales with slope as 6., ~
S92 with 6., falling within the observed range of 6, for bedload-
dominated channels for ~0.001 < S < ~0.1. Thus for bedload-
dominated systems with moderate slopes, the departure of the bankfull
Shields parameter from the typically observed range of critical Shields
provides a quantitative metric of channel form disequilibrium
(Renshaw et al., 2019).
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High sand content above and below some RoR dams permits mixed-
load transport, and thus the above analysis for bedload systems does not
apply to these cases. Indeed, Dade and Friend (1998) showed that under
conditions of mixed-load transport, 6, > 6. Recently, Dunne and
Jerolmack (2020) suggested that river geometry adjusts to the thresh-
old fluid entrainment stress ., of the most resistant material lining the
channel which, following Schumm (1960), they suggest that fine-
grained (d < 1 cm) channels may be limited by the entrainment stress
of the channel banks.

To capture this transition from a bedload-dominated system where
the channel geometry is proposed to be a function of a critical Shields
parameter (Dade and Friend, 1998) to fine grained systems where chan-
nel geometry is proposed to be a function of a critical shear stress
(Dunne and Jerolmack, 2020), we propose that the equilibrium bankfull
Shields parameter 6,y is a the linear combination of bedload 6.4 and
suspended load 6s; components:

Opr = Oss + Opeg (2)

As noted above, for bedload dominated systems 6peq = 6. For
suspended load dominated systems we propose:

TCT

= Apgd 3)

SS

where t, is the critical shear stress. Defining the transitional grain size
d, as the grain size at which 6053 = 64, then when d = d,:
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Fig. 1. Locations of watersheds included in the study. Four sites are in Vermont: Charles Brown Brook Dam (CBR), Fay Brook Dam (FBR), Sargent Osgood Roundy Dam (SOR), and Windsor
Dam (WIND). Three are in New Hampshire: Blow-Me-Down Brook Dam (BMD), Wild Ammonoosuc River Dam (WAM), and the Otter Brook Dam (OBD). (Color figure available online)
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Fig. 2. Photos of sampling sites. (A) Blow Me Down Brook Dam in Cornish, NH (BMD). This is the only dam where discharge flows partially through a top flume. (B) Charles Brown Brook
Dam in Norwich, VT (CBR). (C) Fay Brook Dam in Sharon, VT (FBR). (D) Sargent-Osgood Roundy Dam in Randolph, VT (SOR). This dam was removed in Fall 2016. (E) Wild Ammonoosuc
Dam in Benton, NH (WAM). (F) West Windsor Dam in West Windsor, VT (WIND). This dam was removed in Fall 2017. (G) Mascoma Dam in Lebanon, NH (MAS). (H) Otter Brook Dam in
Keene, NH (OBD). Photo courtesy of US Army Corps of Engineers. (Color figure available online)

Table 1
Site characteristics. Sites in bold are dams where RFID sampling occurred.
Dam Dam Style Drainage 2-yr flow Dam Height  Reservoir Pool Length ~ Percent Year bulit Upstream  Upstream  Downstream
Area (km?) (m®/s) (m) Width (m) (m) Filled Slope (%)  dso (mm)  dso (mm)
Blow Me Down Brook  Top flume 13 8.8 2.5 11.1 65 73 1934 3.1 68 + 10 71 £20
Dam (BMD)
Charles Brown Brook  Flow over 13 6.6 3.6 5.2 82 96 1920 1.2 18+ 10 13+ 10
Dam (CBR)
Fay Brook Dam (FBR) Flow over 21 8.6 5.1 48 43 90 Unknown 1.2 21+10 24 +10
Mascoma Dam (MAS) Flow over 438 78.4 14 17.5 100 62 1929 1.1 64 + 15 75+ 25
Sergeant Flow over 161 61 1.5 20 192 49 1939 0.2 13+ 10 21+10
Osgood-Roundy
Dam (SOR)
West Windsor Dam Flow over 90 36.5 1.5 11.7 70 50 Unknown 0.5 56 + 20 56 + 10
(WIND)
Wild Ammonoosuc Flow over 89 379 1.8 17.3 50 49 1927 0.6 33 +£30 35420
River Dam (WAM)
Otter Brook Dam Impoundment 123 37.7 40.5 205 1600 - 1955 0.8 56 £+ 20 72 + 20
(OBD)
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Rearranging;:

Ter
Apg

= dobcr ()

and inserting this into the definition of 6 (Eq. (3)):

1 1
0= (g) apg = ()00 ©

and thus Eq. (2) can be written:

doOcr

d
ebf = 6ss + 6bed = d + 6L‘r = ecr (1 + Ho) (7)

In Fig. 3a we fit this model to the distribution of bankfull Shields
values compiled by Trampush et al. (2014). The data in Fig. 3 come
from streams thought to be in equilibrium with modern conditions, al-
though it is likely that this is not true in all cases. Nonetheless, we take
the data in Fig. 3 as representative of the natural variation of channel
form for undisturbed systems. In calculating the Shields parameter,
we take the median grain size as the characteristic grain size. Our pro-
posed model (Eq. 7) has two free parameters, 6., and d,. We used Excel's
Solver function to fit Eq. (7) to the Trampush et al. (2014) dataset by
minimizing the sum of the squared differences between the log trans-
formed values of the model and observed bankfull Shields. This fitting
gives 6 = 0.041 + 0.003 and d, = 0.018 4 0.003 m. Using these values
in Eq. (5) yields t- = 12 £ 1 Pa, which is similar to, albeit somewhat
higher than, the range of fluid entrainment stresses (6 < t, <9 Pa) mea-
sured in the laboratory for sand/kaolinite-clay mixtures meant to repre-
sent cohesive riverbanks (Dunne et al., 2019) and directly measured
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Fig. 3. Bankfull channel Shields parameter (a) and slope-scaled Shields parameter
(b) values as a function of grain size. Solid lines are best fit models representing a linear
combination of bedload and suspended load components (Eqs. (7) and (10)). Gray
circles show the distribution of bankfull Shields and slope-scaled Shields values
compiled by Trampush et al. (2014) taken to represent streams in equilibrium with
modern conditions. Bankfull Shields and slope-scaled Shields values upstream (red
circles) and downstream (blue circles) are indistinguishable from each other and from
those of streams in equilibrium.
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(4.5 Pa) on the Mullica River (Dunne and Jerolmack, 2020). The uncer-
tainty in the directly measured entrainment stress was not reported
by the authors, but we estimate it to be at least £ ~1 Pa. The higher
shear stress from the fit to the bankfull Shields data could reflect the ob-
servation that the shear stress experienced by the channel banks is esti-
mated to be about 20% less than the average value estimated from the
bankfull dimensions (Parker, 1978).

We can improve the fit of the model by recognizing that slope often
covaries with other channel geometric parameters. To account for this,
we define a slope-scaled bankfull Shields parameter, T, such that:

0 hs®
T= e~ Rd (8)

We recognize that the appropriate slope scaling may differ for
bedload and suspended load systems. Although it is possible to use dif-
ferent scaling exponents for each component (bedload and suspended
load), we found that the bankfull Shields data are insufficient to ade-
quately constrain the parameters of such a model and thus use the sim-
plified scaling in Eq. (8). As before, we assume that the bankfull
geometry is a linear combination of bedload and suspended load com-
ponents:

Tpp = Thea + Tss 9)

Assuming Ty is equal to a constant T and Tgs = dadT”, this can be re-

written as:

Ty :Ta<1 +%> (10)

Fitting this model to the Trampush et al. (2014) dataset yields T, =
0.51 £ 0.11,d, = 0.11 & 0.04 m and o = 0.35 = 0.04. Recognizing that
it follows from Eq. (8) that

1—a _ Ter
TS = Apgd (11)

then for the Mullica River (S = 0.0008), t. = 8.5 & 2.2 Pa, similar to the
directly measured value of (4.5 & ~1 Pa) (Dunne and Jerolmack, 2020),
particularly after recognizing that the bankfull shear stress over-
estimates the shear stress along the banks by ~20% (Parker, 1978).

Although consistent with previous practice (Dade and Friend, 1998;
Lietal, 2015; Li et al,, 2016), a criticism of Fig. 3 is that it overstates the
goodness of fit because of the autocorrelation between the variables on
the x- and y -axes, which are both functions of grain size. To avoid this
autocorrelation, in Fig. 4 we replot the data as the bankfull shear stress
tyr (Fig. 4a) and slope-scaled shear stress tys / S (Fig. 4b). From
Egs. (1) and (8):

be

i 12

Bbf

_ Thf
TpeS' ~% = 13
bf Rpfgd ( )

Substituting these into Egs. (7) and (10), the models corresponding
to Egs. (7) and (10) are then:

Tpr = Rp;g0cr(d + do) (14)
,
g Y = RpgTer(d + do) (15)

Even in the absence of the autocorrelation in Fig. 3, the above models
reasonably represent the trend of the data, especially when the bed
shear stress is scaled by slope (Fig. 4b).
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Fig. 4. Bankfull bed shear stress (a) and slope-scaled bed shear stress (b) values as a
function of grain size. Solid lines are best fit models representing a linear combination of
bedload and suspended load components (Egs. (14) and (15)). Gray circles show the
distribution of bankfull bed shear stress and slope-scaled bed shear stress values
compiled by Trampush et al. (2014) taken to represent streams in equilibrium with
modern conditions. Bankfull bed shear stress and slope-scaled bed shear stress values
upstream (red circles) and downstream (blue circles) are indistinguishable from each
other and from those of streams in equilibrium.

Because we assume that the channels in the Trampush et al. (2014)
data are representative of the natural variation of channel form for un-
disturbed systems, we propose that channels in equilibrium have
bankfull channel bed shear stresses and Shields values similar to those
shown in Figs. 3 and 4. Conversely, bankfull channel shear stresses or
Shields values significantly different than those in Figs. 3 and 4 are indi-
cations that the channel is in a state of disequilibrium.

3.2. Bedload transport

To monitor bedload transport, 150-171 radio-tagged (Radio
Frequency Identification, RFID) bedload sediment tracers (Olinde and
Johnson, 2015; Papangelakis and Hassan, 2016; Vazquez-Tarrio et al.,
2019) were deployed at cross sections within and upstream of the res-
ervoir at each site (Fig. 5). These tracer rocks ranged in size from 15 to
81 mm (b-axis), similar to the range of median grain sizes measured
along transects above and below the RoR dams (8-110 mm). Tracers
were fabricated using rocks collected from the study sites or nearby riv-
ers. Two types of half-duplex RFID tag sizes were primarily used (23 and
32 mm), which were supplied by Oregon RFID and provide a read range
of ~0.5-0.9 m. Rocks were cut with a rock saw to create a small slit, min-
imizing the overall reduction in particle mass. RFID tags were implanted
in these notches, and glued in using an epoxy sealant. Analysis of slotted
particle and uncut rock densities show no significant difference in parti-
cle density caused by the incision (Wilcoxon rank-sum test, p = 0.52).
All rock b-axes were measured, and the unique tag number of each
rock was recorded. Because of the size of the RFID tags, tracer particles
measured no smaller than ~23 mm in the largest axis. However, a lim-
ited number of particles were fabricated with 12 mm tags; approxi-
mately 20 of these particles were deployed at WIND. These smaller
tags were not used at other sites because of their limited detection
range.
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Rocks were deployed in two installments. Between 50 and 80 rocks
were placed at each of CBR, FBR, and WAM in summer 2016. Then be-
tween 70 and 100 additional tagged clasts were placed at each of
these sites in early spring 2017, raising totals at each site to 150-170.
WIND was not monitored until spring 2017, when 171 rocks were
placed at the site. Rocks were deployed at five cross sections per site
over a distance of 150 m to 250 m upstream of the dam. Three of the
cross sections were within the reservoir upstream of the dam and two
above the reservoir (Fig. 5). Approximately 20-30 tracers were placed
at each cross section. Rocks at all sites were placed at approximately
regular spacing along cross sections by dropping gently onto the bed
at close range. No attempt was made to embed the tracer into the bed.
For each site, rocks were organized such that the deployed grain sizes
were equally represented at all deployment cross sections. Once de-
ployed, tracers were not removed during the experiment and were
left in place after post-deployment detection.

Tracer rock surveys were performed regularly throughout the study
period excluding winter months but especially after high-flow events.
Survey equipment included a close-range mobile RFID antenna and log-
ger. Channels were surveyed in a zigzag pattern in the downstream di-
rection. Upon rock detection, its identification number and qualitative
location were recorded, with reference to a survey landmark (cross sec-
tion, control point, dam crest, etc.). In spring 2017, survey techniques
were enhanced with the use of a Trimble Geo 7x handheld GPS unit
to determine tracer rock locations with greater precision (<~1-2 m)
after post-processing with differential correction. The GPS system was
also used to locate each cross section, allowing for the initial location
of each tracer to be determined with similar precision. For each tagged
clast that moved, we calculated the cumulative total distance moved
over the sampling period to quantify virtual velocity. Virtual velocity
can be represented in several ways (Vazquez-Tarrio et al,, 2019), but be-
cause hydrograph or flow data were incomplete, we cannot determine
duration of time above an entrainment threshold (c.f., Mao et al,
2017). Thus we define virtual velocity simply as total distance
transported over time period deployed, similar to the approach utilized
by Beechie (2001).

3.3. Channel Geometry

Eight to fourteen cross sections were established at each dam site,
spaced ~20 to 100 m apart. Cross sections were systematically placed
depending on measured spacing, regardless of the bed morphology of
the channel at that location (e.g., riffles were not preferentially se-
lected). Cross sections were oriented perpendicular to flow and longitu-
dinal profiles through the thalweg were surveyed using a robotic total
station. Bankfull width was identified in the field using changes in
slope between the channel and floodplain and changes in riparian veg-
etation. Bankfull depth was determined from the topographic cross sec-
tion as the average depth at the stage corresponding to the bankfull
width. For consistency, slopes were determined over a distance equal
to 15 times bankfull channel widths centered at the cross section
(Prestegaard, 1983). Median grain size was quantified using Wolman
pebble counts (Wolman, 1954) of 100 grains per cross section. All sed-
iment with a b-axis of 2 mm or less was recorded as sand and used to
determine the percent sand at each cross section.

4. Results
4.1. Tracer rock surveys

The percentage of tracers recovered varies by site, from just under
half of all tracers at the site with the largest drainage area (MAS) to al-
most all tracers at two with the smallest drainage areas (CBR and FBR)
(Table 2). All sites had tracers that did not move (between 10%-29%).
Of the 791 total tagged rocks placed at all five sites, 503 tracers were
relocated after being transported from their deployment location.
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Fig. 5. Tracer rock displacements. Lines indicate initial and final location of each recovered tracer, with flow from left to right. Shaded region indicates reservoir upstream of dam. Gaussian
kernel densities for the two groups of sites with similar virtual velocity distributions are shown in the lower right. (Color figure available online)

Table 2
Summary of tracer recovery and transport.
Site Total tracers Percent Average travel distance of Percent of recovered tracers # tracers Maximum tracer size Days in
deployed (year) recovered recovered tracers (m) that did not move over dam tranported over dam reservoir
(Avg. + SD) (mm) Avg. £+ SD
CBR 57 (2016) 98 44 + 71 10 50 65 203 £ 146 (n = 44)
150 (2017)
FBR 70 (2016) 99 42 + 44 12 79 59 148 4 115 (n = 54)
170 (2017)
MAS 71 (2016) 47 123 4+ 120 29 46 73 159 + 118 (n = 28)
150 (2017)
WAM 71 (2016) 81 139 4+ 193 24 56 67 153 4+ 123 (n =41)
150 (2017)
WIND 171 (2017) 60 79 £ 92 18 45 49 19 £30 (n=37)
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Among those tracers that moved and were relocated, the maximum cu-
mulative displacement during the study period by any rock was 758 m,
and the median cumulative distance traveled was 30 m. All transects
upstream of their respective dams, excluding the most upstream tran-
sect of FBR, had tracers that were transported over the dam (Fig. 5),
with MAS having the least percentage (21%) of tracers transported
over the dam (Table 2). Of the 276 tracers transported over a dam,
204 spent time in the reservoir prior to transmission downstream
(i.e., 72 tracers were transported from upstream of the reservoir to
below the dam in a single event). Among those tracers that spent time
in the reservoir prior to transport over the dam, the average reservoir
residence times at the different sites ranged from 19 to 203 days
(Table 2). The median grain sizes of rocks that were transported over
the dam were identical to those that moved during the study period
and similar to the ds, of all sampled grains in all the transects. The larg-
est grains transported over the dam at the different sites ranged be-
tween 49 and 73 mm.

Of those tracers that moved, the distribution of virtual velocities was
close to log-normal and very broadly distributed over more than six orders
of magnitude. An analysis of variance (ANOVA) revealed that these virtual
velocities collapse into two main distributions (Fig. 5f): CBR and FBR hav-
ing slower virtual velocities (arithmetic mean of 0.36 and 0.31 m/d (42
and 52 m/yr), respectively) with MAS, WAM, and WIND having higher vir-
tual velocities (arithmetic mean of 1.17, 1.18, and 1.1 m/d (198, 149, and
142 m/yr), respectively). The slower virtual velocities occur along the
reaches with higher average slopes (0.028 at both CBR and FBR versus
0.01 or less at MAS, WAM, and WIND). Higher slopes are generally associ-
ated with channel morphologies with greater macro roughness
(Montgomery and Buffington, 1997). We speculate that this greater
roughness may slow the transport of sediment, resulting in slower virtual
velocities. The shift to increasing virtual velocity with increasing water-
shed area corresponds to a similar modeled trend identified by Pizzuto
etal. (2014) with their pan-watershed analysis of time-averaged velocities
for the silt-clay and sand-sized fractions of suspended load.

4.2. Channel geometry

Fig. 6 compares the average change in the various channel geometry
metrics between upstream and downstream transects at each site, with
a positive number representing an increase in the downstream reach.
No consistent trend was found in any of the channel geometry metrics
across the different sites and among the RoR dams only two of the
changes are statistically significant; an increase in bankfull depth
below WIND (two tailed t-test p = 0.04), and an increase in channel
slope below CBR (p = 0.03). Marginally significant decreases in channel
slope occurred below BMD (p = 0.07) and WIND (p = 0.08). Percent
changes in bankfull Shields values among the RoR dams were generally
larger than the changes in individual metrics, but neither consistent
across sites nor statistically significant. In comparison, significant
changes in bankfull depth and slope were observed below the OBD im-
poundment dam, yet here too no significant change in bankfull Shields
values was observed.

That no significant change in bankfull channel geometry occurred
below the RoR dams is also shown by the distribution of bankfull Shields
values and bed shear stresses above and below the RoR dams shown in
Figs. 3 and 4. The distributions of bankfull Shields values and bed shear
stresses upstream and downstream of the dams are indistinguishable
and both are similar to those of the nominally undisturbed channels
compiled by Trampush et al. (2014), suggesting that the channels
have developed an equilibrium form despite any potential disturbance
caused by the dam.

5. Discussion

Unlike larger flow-regulating dams with higher trapping efficiencies
and greater accommodation space to store sediment, these results
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Fig. 6. Percent change in channel geometric metrics at each study site. A positive value
represents an increase in the downstream direction. All dams are run of river dams
except the OBD impoundment dam. * represents a two tailed t-test p value of <0.1; ** rep-
resents a two tailed t-test p value <0.05. (Color figure available online)

demonstrate that RoR dams intermittently permit coarse sediment mo-
bilization into, and out of, their reservoirs, with maximum grain sizes
transported over the dam crest exceeding the median grain size of the
upstream sediment distributions and as large at 73 mm. Similar to
that observed by Pearson and Pizzuto (2015) at a RoR dam in Delaware
(USA) and Casserly et al. (2020) in Ireland, the transport of coarse sed-
iment was facilitated by sediment ramps up to near the dam crest
(Fig. 7).

For the range of flows occurring during this sampling period - from
some of the lowest low flows of the past several decades to a ~5 yr re-
currence interval flood - sediment residence times upstream of the
RoR dams were less than a year (Table 2). Of the tracers transported
over a dam, about one-quarter of the tracers were transported into
the reservoir and over the dam in a single high flow event. For the re-
maining tracers, the reservoir behind the RoR dam acted as a temporary
deposition or resting location where, under the right flow conditions,
clasts were subsequently re-mobilized out of the reservoir fill.
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Fig. 7. (A) Reservoir at WAM. Half of the reservoir behind the dam is dominated by a scour pool over 1 m deep. The other half is dominated by a coarse-bedded sediment ramp that slopes
up to the dam. (B) Reservoir just behind the dam at SOR. Sediment is built up on average approximately 40 cm below the dam crest for 100 m behind the dam. (Color figure available

online)

By combining RFID tracer particles with existing empirical relations
related to bedload transport, Casserly et al. (2020) argued that temporary
storage of coarser sediment behind low-head dams, particularly after res-
ervoir scour events, can lead to transient supply-limited conditions down-
stream that result in lower fractional transport rates below the dam.
Supply-limited conditions persist until the reservoir is filled, allowing
for the coarse sediment to be transported over the dam. That the reservoir
residence times of our tracers were less than a year suggests that any
supply-limited conditions at our sites are likely ephemeral.

The construction of the requisite ramp for coarse sediment transport
over the RoR dam may take decades or longer, so we are unable to de-
termine when the presumably initially higher trapping efficiency of
the RoR shifts to progressively greater sediment mobilization. Regional
erosion rates are poorly constrained for New England but generally
vary between 2 and 5 mm/kyr (Dethier et al., 2016; Gordon, 1979).
For the initial post-dam reservoir capacities at our sites, a drainage
area weighted estimate would require ~10-20 yr to attain current vol-
umes of fill, and similar to what Pearson and Pizzuto (2015) document,
each dam has existed long enough to have been filled many times over.
In essence, for these low head impoundments, the accommodation
space of these reservoirs is small compared to the size of their water-
sheds and to annual sediment discharge.

The short residence times and minimal trapping in the reservoirs in-
dicate that much of the upstream sediment is mobilized downstream.
Given this high degree of sediment connectivity, we expect and observe
the RoR dams to force few geomorphic adjustments downstream of the
dams. Individual channel form metrics downstream of the dams, such as
grain size, width, depth or slope, differed in many ways from upstream
reaches, but the differences were inconsistent in direction and magni-
tude within and among the sites and few of the differences were statis-
tically significant. Interestingly, however, despite the changes in
individual metrics, downstream reaches have mutually adjusted to gen-
erate similar values of the bankfull Shield parameter and bed shear
stresses (Figs. 3 and 4) consistent with the nominally undisturbed chan-
nel geometries compiled by Trampush et al. (2014). This indicates that
the downstream channels have developed equilibrium morphologies
despite the intermittent flux of sediment.

Although it is impossible to determine how long it takes to re-establish
an equilibrium channel form relative to the initial emplacement of the
dam(s), these dams have been in place for >50 yr and the downstream
channels are presently adjusted to the generally connected sediment

supply following the construction of the ramp. In many ways, dam re-
moval may provide an approximate proxy for channel adjustments fol-
lowing ramp construction that facilitates sediment flux. In a dam
removal in the nearby Amethyst Brook, Magilligan et al. (2016a) docu-
mented significant changes in grain size and channel morphology within
the first year following removal. These rapid downstream adjustments
following dam removal have been documented elsewhere (Foley et al.,
2017; Grant and Lewis, 2015; Major et al., 2017; Sawaske and Freyberg,
2012) suggesting that once the ramp in existing RoR dams can sufficiently
transmit sediment, downstream channels may respond quickly.

Moreover, despite the presence of the impoundments, the virtual
velocities across our sites (Fig. 5f) are strikingly similar to those com-
piled in Beechie (2001) (Fig. 8). The range in virtual velocities across
these impounded sites correspond to the range of virtual velocities in
undisturbed sites, once again reinforcing that our sampling sites have
generated profiles and channel morphologies in line with” natural” con-
ditions despite the presence of these low head RoR dams.

Where sediment storage is more pronounced, as with OBD, signifi-
cant geomorphic adjustments occur (Fig. 6). Yet despite the robust
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Fig. 8. Annual travel distance of tracers across RoR sites compared to those compiled by
Beechie (2001). Dashed lines indicate 95% confidence intervals for linear fit (solid line)
to the data from Beechie (2001).
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changes in streamflow at OBD where the pre-dam bankfull discharge
has never occurred following impoundment (Magilligan et al., 2008),
and the enhanced sediment trapping of the larger reservoir, dam prox-
imal reaches have adjusted to attain bankfull Shield values similar to
those upstream in the ~60 yr since the dam was constructed (Fig. 6).
We focused our response reach to within the first several hundred me-
ters below the dam, so it is not possible to ascertain the longitudinal ex-
tent of continued similarity of bankfull Shields values below OBD, but no
doubt the effect is spatially limited and would be shifted significantly
out of equilibrium when the next major tributary enters (Curtis et al.,
2010).

6. Conclusion

For the scale of RoR dams we sampled, our results indicate that over
decadal time spans they are similar to natural morphological traps in a
river reach like deep pools or large woody debris (LWD) that have lim-
ited sediment residence times (Fisher et al., 2010; Lisle and Hilton,
1992). During the study period, which included both low and moderate
hydrologic regimes, bedload tracer particles moved through the reser-
voir on the order of days to weeks. Through the construction of a sedi-
ment ramp up to the dam crest (Casserly et al., 2020; Pearson and
Pizutto, 2015), RoR dam reservoirs ultimately get configured to transmit
and trap the upstream sediment supply within the same range of phys-
ical conditions that produce mobility and trapping in the river's natural
reach-scale morphological units. Because RoR dams are likely not trap-
ping more sediment than is typically sequestered in natural river
reaches, these dams do not generate major anthropogenically-
imposed interruptions to sediment connectivity on a watershed scale
nor do they generate morphologic disequilibrium below the dams.
However, the minimal effect that small, channel spanning RoR dams
have on the equilibrium state of channel form does not suggest that
RoR dams do not have an ecological footprint. Their individual and col-
lective presence in a watershed still serves to interrupt ecologic connec-
tivity, such as obstructing fish passage, which can persist regardless of
transient sediment connectivity (Hall et al., 2011; Januchowski-
Hartley et al., 2013; Neeson et al., 2015; Santucci et al., 2005; Wohl
etal, 2019).

Lastly, these results lie very much at the intersection of new, novel
approaches for sediment tracing (e.g., RFID PIT tagging), and the appli-
cation of these technologies in quantifying the potential of low head,
run-of-river structures to disconnect watershed sediment flux in a sim-
ilar fashion as larger flow regulating flood control or hydropower dams
that significantly reduce significant water and sediment discharges
(Graf, 1999; Magilligan et al., 2013). Recent research in European rivers
(Depret et al., 2019; Peeters et al., 2020; Sindelar et al., 2017) indicates
that the mobilization of gravel through weirs (analogous to low head
RoR structures that we evaluate) can be a common occurrence, al-
though in those European examples, opened or partially breached sluice
gates serve to enhance the gravel passage. For the examples we present
herein, we show that the progressive development of the gravel ramp
up to the dam crest - similar to what Pearson and Pizutto (2015) ini-
tially identified - fundamentally enhances sediment mobilization over
the dam crest. Our pan-watershed analysis indicates that material
coarser than the median can be mobilized over the dam crest under
the right conditions similar to what Casserly et al. (2020) observed at
their two RoR sites. Importantly, in the geomorphic and structural situ-
ations we describe, clasts that get transported from the upstream con-
trol section do not get completely sequestered in the reservoir during
the step-like transport; i.e., clasts once transported into the low velocity,
seemingly lentic reaches of the impoundment can be subsequently mo-
bilized through and beyond the reservoir, sustaining sediment connec-
tivity. These results further indicate that leaving dams in place to
prevent stored contaminated sediments from being mobilized down-
stream may not be a valid argument as the residence time of stored,
coarse material is frequently less than a year.
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