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a b s t r a c t
Dam removal is becoming an increasingly important component of river restoration, with N 1100 dams having
been removed nationwide over the past three decades. Despite this recent progression of removals, the lack of
pre- to post-removal monitoring and assessment limits our understanding of the magnitude, rate, and sequence
of geomorphic and/or ecological recovery to dam removal. Taking advantage of the November 2012 removal of an
old (~190 year-old) 6-m high, run-of-river industrial dam on Amethyst Brook (26 km2) in central Massachusetts,
we identify the immediate eco-geomorphic responses to removal. To capture the geomorphic responses to dam
removal, we collected baseline data at multiple scales, both upstream (~300 m) and downstream (N750 m) of the
dam, including monumented cross sections, detailed channel-bed longitudinal proﬁles, embeddedness surveys,
and channel-bed grain size measurements, which were repeated during the summer of 2013. These geomorphic
assessments were combined with detailed quantitative electroﬁshing surveys of stream ﬁsh richness and
abundance above and below the dam site and throughout the watershed and visual surveys of native
anadromous sea lamprey (Petromyzon marinus) nest sites. Post-removal assessments were complicated by two
events: (1) upstream knickpoint migration exhumed an older (ca. late eighteenth century) intact wooden crib
dam ~ 120 m upstream of the former stone dam, and (2) the occurrence of a 10–20 year RI ﬂood 6 months
after removal that caused further upstream incision and downstream aggradation. Now that the downstream
reach has been reconnected to upstream sediment supply, the predominant geomorphic response was bed
aggradation and associated ﬁning (30–60% reduction). At dam proximal locations, aggradation ranged from 0.3
to N 1 m where a large woody debris jam enhanced aggradation. Although less pronounced, distal locations still
showed aggradation with a mean depth of deposition of ~ 0.20 m over the 750-m downstream reach. Postremoval, but pre-ﬂood, bed surveys indicate ~2 m of incision had migrated 25 m upstream of the former reservoir
before encountering the exhumed dam, which now acts as the new grade control, limiting progressive
headcutting. Approximately 1000 m3 of sediment was evacuated in the ﬁrst year, with ~ 67% of the volume
occurring by pre-ﬂood, process-driven (e.g., changes in base level) controls. The combination of changes in
channel-bed sedimentology, the occurrence of a large magnitude ﬂood, and the emergence of the new crib
dam that is a likely barrier to ﬁsh movement was associated with major reductions in abundance and richness
in sites downstream and immediately upstream adjacent to the former dam in post-removal sampling. At the
same time, we documented the presence of four species of ﬁsh, including sea lamprey, which were not present
above the dam prior to removal, indicating that upstream passage has been achieved; and we also documented
lamprey spawning activity at sites immediately below the dam, which had previously been unsuitable owing
to an excessively coarse and armored riverbed. Our results point to the importance of interactions between
dam removal and ﬂood disturbance effects, with important implications for short- and long-term monitoring
and assessment of dam impacts to river systems.
© 2015 Elsevier B.V. All rights reserved.
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Driven in part by the increasing number of aging dams needing
pending repair and also by broader societal goals, dam removal is progressively becoming part of river manager's toolkit for river restoration
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(Shuman, 1995; Hart et al., 2002; Doyle et al., 2008; Doyle and Havlick,
2009; O'Connor et al., 2015). This national effort has led to the removal
of over 1100 dams in the past several decades, averaging, at present,
~50 removed dams per year (Service, 2011). Because dam removal can
minimize habitat fragmentation and reconnect riparian zones to fundamental hydrologic processes and channel-ﬂoodplain exchanges
(Bednarek, 2001; Hart et al., 2002), many ecologists and environmental
advocates embrace dam removal as a crucial element of river restoration.
Recently, however, the scientiﬁc community has voiced some reluctance
for indiscriminate endorsement of dam removal. Some scientists are concerned about the effect of released sediment on downstream geomorphic
and ecological processes (Doyle et al., 2000, 2002, 2003; Grant, 2001;
Pizzuto, 2002; Stanley and Doyle, 2003; Gangloff, 2013), especially as
many of these previously stored sediments may be contaminated with
pesticides, herbicides, and other byproducts of industrialization and mining such as mercury. The double-edged sword of ecological restoration
associated with dam removal very much, thus, orbits around the geomorphic and biological impacts of sediment releases, including volume,
ﬂux, and sediment characteristics (size, sorting, etc.).
Research on dam removals has not kept pace with the currently
brisk rate of removals. Despite the large number of removals over the
past decades, there have been relatively few geomorphic or ecological
assessments, especially detailed long-term monitoring or those linking
the geomorphic adjustments speciﬁcally to the ecological (cf. Stanley
et al., 2002; Stanley and Doyle, 2003; Pollard and Reed, 2004; East
et al., 2015; Warrick et al., 2015). In an extensive compilation of dam
removals in the U.S. and abroad, a recent USGS study (Bellmore et al.,
2015) indicates that only ~130 dam removals have had any monitoring
of any kind, with most lacking post-removal comparative assessments.
The minimal documentation results in part from the frequent politicization and extended permitting process often limiting extensive preremoval baseline data. Post-removal assessments are also commonly
plagued by limited monitoring funds to document ecological and
geomorphic recovery. Because of these limitations, dam removal
research has evolved gradually from an initial phase that dealt with
the conceptualization of potential impacts (Bednarek, 2001; Hart
et al., 2002; Pizzuto, 2002; Poff and Hart, 2002; Shafroth et al., 2002;
Stanley and Doyle, 2003) to progressively more ﬁeld-based analyses of
late that capture actual effects (Doyle et al., 2003, 2005; Cheng and
Granata, 2007; Burroughs et al., 2009; Kibler et al., 2011; Pearson
et al., 2011; Major et al., 2012; Draut and Ritchie, 2013; East et al.,
2015; Harris and Evans, 2014; Magirl et al., 2015; Wilcox et al., 2014;
Gartner et al., 2015; Randle et al., 2015; Warrick et al., 2015).
These case studies have documented speciﬁc changes in channel
morphology and associated longitudinal effects, but no universal
process-based model has been developed nor have these studies
converged on universal responses. They have, though, documented
the type and variability of responses and the fundamental importance
of a spatial perspective in understanding the speciﬁc changes in ﬂuvial
systems following dam removal. The exact response depends on several
factors including the volume, caliber, and cohesion of sediment stored
in the reservoir; ﬂow frequency; downstream channel dimensions
(Pizzuto, 2002; Graf, 2003; Major et al., 2008; Sawaske and Freyberg,
2012; Bountry et al., 2013; MacBroom and Schiff, 2013); as well as
dam function, size, and physiographic location (Poff and Hart, 2002;
Graf, 2006). Some studies demonstrate a signiﬁcant increase in
sediment transport downstream (Burroughs et al., 2009), while other
locations have little or no change in sediment transport downstream
of the dam (Cheng and Granata, 2007). Downstream of a removed
dam, bed sediment caliber typically initially decreases resulting from
the release of ﬁner sediments from the reservoir, which then increases
in successive storms (Wohl and Cenderelli, 2000; Cheng and Granata,
2007; Pearson et al., 2011). Sediment routing downstream of the dam
is also variable, with some streams exhibiting translation of a sediment
wave and others an attenuated dispersive wave that gradually erodes
(Wohl and Cenderelli, 2000; Doyle et al., 2002; Pizzuto, 2002).
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These sedimentological effects are further complicated in the
context of large ﬂow events. Extreme ﬂows acting immediately after a
dam has been removed, when the channel is highly vulnerable to
rapid and extreme adjustment (owing to the major change in hydraulic
control) sets up the possibility for interactive effects on channels and
river habitats that are difﬁcult to anticipate. Recent research (Pearson
et al., 2011; Major et al., 2012; Grant and Lewis, 2015) suggests that
even in the absence of post-removal large ﬂows, upward of 50% of the
initial reservoir sediment volume can be evacuated within the ﬁrst
year—a conceptual model initially posited by Pizzuto (2002) where
he distinguished between process-based erosion (e.g., knickpoint
migration) and event-based erosion (e.g., large ﬂoods).
The ecological effects of dam removals are similarly complex,
affecting different ecosystem components at a range of temporal and
spatial scales (Stanley and Doyle, 2003). For stream ﬁsh populations
and assemblages, barrier removal can result in rapid colonization of
previously unoccupied upstream areas (Pess et al., 2014). This rapid upstream movement has often been observed, particularly with highly
mobile diadromous species such as migratory salmonids (Pess et al.,
2014). The role of barriers and barrier removal on the distribution and
diversity of stream resident ﬁshes has been less well appreciated, but
several studies indicate that barriers to movement are associated with
reduced richness and abundance (Nislow et al., 2011; Diebel et al.,
2014). In addition to direct effects of reconnection and upstream access,
dams and dam removal may also have a strong inﬂuence on physical
habitat. Effects on habitat are driven in large part by the geomorphic
processes described previously. As many of these processes are associated
with large ﬂows that occur infrequently, effects on habitat may not be
fully manifest until years or decades following dam removal. However,
in those cases where extreme ﬂows occur in close association with dam
removal, signiﬁcant immediate change may occur given the potential
for geomorphic instability and readjustment. In turn, these rapid
adjustments may have indirect (via changes in habitat) and direct (via
event-associated mortality) on populations and assemblages. Further,
while large, high-proﬁle dam removals have been well studied and
monitored, we have considerably less information on the effects of
removing small run-of-river dams in small upland catchments (Csiki
and Rhoads, 2010). These structures are numerous and ubiquitous
within the heavily-settled northeastern and north-central U.S. and are
a major target of dam removal efforts.
Despite the recent spate of dam removal research, several important
questions remain about the timing and spatial extent of geomorphic
responses and the rate at which ecosystems respond to these transient
adjustments. Dam removals, in many ways, are perhaps the closest
analog in geomorphology to a controlled natural experiment: they represent the removal of a disturbance ﬁxed in time and space with extant
boundary and initial conditions. Therefore, rather than considering each
dam removal as a unique case study, we suggest each dam removal
represents an important boundary condition of reservoir sediment
properties, dam removal style (‘blow-n-go’ vs. staged removal), dam
trapping efﬁciency, valley conﬁnement, and channel gradient. Using
the staged removal of a 6-m-high, run-of-river dam that impounded a
high gradient, coarse gravel-bedded stream, we elucidate the type, magnitude, and spatial variability of geomorphic adjustments immediately
following its removal and further document the associated ecological
responses. Thus, we have three major geomorphic research questions:
(i) how does grain size change downstream of the former impoundment
as the upstream to downstream sediment ﬂux gets reestablished;
(ii) what are the channel adjustments (bed elevation, planform, etc.)
associated with the change in sediment ﬂux; and (iii) what is the length
scale of these geomorphic adjustments? Ecologically, our major
questions are: (i) how does ﬁsh demography change following dam
removal; (ii) how do changes in bed sediment composition enhance
or diminish bed spawning habitat requirements; and (iii) are ﬁsh able
to colonize new upstream territory now made available by dam
removal?
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2. Background
The Pelham dam (also known as the Bartlett Rod Shop Company
dam; NID #MA01761) on Amethyst Brook was removed in Fall 2012.
The masonry structure was in poor condition, stood ~ 6 m high and
50 m wide (Fig. 1), and in conjunction with large mainstem dams on
the Connecticut River (e.g., Holyoke dam) signiﬁcantly blocked upstream ﬁsh passage (Fig. 2). Originally constructed c. 1820, the dam supplied water power to the adjacent mill until the mid-twentieth century
and then created a local swimming hole for several decades thereafter.
The private dam owner was assisted in the dam removal process by a
coalition of local, state, federal, and nongovernmental organizations
with mutual interests in restoring ﬁsh passage (including diadromous
species), improving sediment and organic matter transport for
improved ecological conditions downstream, and eliminating risk and
liabilities associated with the aging structure.
As with many dam removal projects, the management of
impounded sediment was identiﬁed as a primary challenge during the
design phase. Given the quality of the upstream watershed (heavily
forested, protected for water supply) and coarse grain sizes observed
in the impoundment, the planning focused on the volume of material
and the rate of downstream movement rather than anthropogenic
contaminants. The project design and regulatory approvals speciﬁed
an approach to sediment management involving partial removal and
partial downstream release. The habitat-forming beneﬁts of sediment
release were identiﬁed as an objective in the project, particularly
given the observed winnowed bed in the reach immediately downstream of the dam. Approximately 3500 m3 of sediment and organic
matter (per contractor measurements) was physically removed and
deposited on the adjacent ﬂoodplain with an expectation that future
storm events would subsequently mobilize and transport additional
material.

Fig. 1. View of Pelham dam pre- and post-removal. View in (A) is from below the dam on
river left looking upstream. Note the level of sediment ﬁll up to the dam crest. View in
(B) is from river left to river right. Note the reconnected sediment ﬂux through the former
dam site.

Fig. 2. Location map. Amethyst Brook with its position relative to Holyoke dam and the
Long Island Sound.

As designed, the geometry of the initial channel in the former
impoundment included a bottom width of 9.1 m and a 1–3 m wide
low-ﬂow channel, side-slopes set at 3:1 (horizontal:vertical), a longitudinal slope of 20:1 (H:V [5-percent]), and a length of ~100 m. No channel
stabilization techniques were used upstream of the dam, and upon
removal and deactivation of water controls, sediment mobilization and
additional channel forming processes were initiated.
Amethyst Brook is a steep (1–2%) gravel-bedded stream with a
watershed size of 26 km2 at its conﬂuence with the Fort River (a
tributary to the Connecticut River). The study site is located several kilometers upstream of the conﬂuence (Fig. 3). After a period of sustained
period of land clearing for agriculture and grazing from settlement
through the late nineteenth century, the basin is ~ 90% forested at present. Precipitation averages ~1200 mm y−1. Mean monthly temperature
ranges from a low of −5 °C (January) to a high of 22 °C (July). The past
several years have been especially wet regionally (Armstrong et al.,
2012), and the occurrence of large events factor prominently into the
response of Amethyst Brook to dam removal. Prior to removal, the
region experienced one of the largest ﬂoods on record as Tropical
Storm Irene moved through the basin on 28 August 2011. Although
no gages exist with the basin, adjacent watersheds recorded ﬂood
magnitudes N 100-year recurrence interval (RI) ﬂoods. High water
marks from Irene were clearly evident along the reach. More importantly,
~ 6 months after removal, after a wet June, a localized high intensity
storm dropped considerable precipitation over the headwaters of
the basin on 28 June 2013. Unfortunately, there are no rain gages
in the basin. A nearby precipitation gage, though, in Northampton,
MA, recorded ~ 64 mm in 24 h, which was ~ 50% of Irene totals.
The 28 June 2013 storm had a much shorter duration (1–2 h)
than Irene that occurred over an 18-h period. Local residents indicated
anecdotally that streamﬂows were high following the June 28th microburst and in places approximated ﬂows of Irene. Visual inspections
3 days later conﬁrmed the high ﬂows as fresh highwater marks could
be seen below and even up to previous Irene levels. Channel erosion
and sediment transport were pronounced following this localized
event.
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Fig. 3. Shaded DEM of Amethyst Brook, MA with location of Pelham dam and sampled cross sections along the study reach.

3. Methods
This research utilized a vast array of geomorphic, geospatial, and
ecological approaches to capture the short-term, but spatially extensive,
responses to dam removal. Field work began 1–2 years prior to removal,
with post-removal assessments beginning ~6 months following removal
and continuing over a 3–5 month summer–fall period during 2013.
3.1. Geomorphic methods
To capture the geomorphic responses to dam removal, we collected
baseline data at multiple scales, both upstream and downstream of the
dam site (Fig. 3). Because previous research has shown the dramatic
changes in stream channel properties (e.g., widening, incision, etc.),
we surveyed 11 cross sections over 750 m downstream of the dam,
with an additional 7 cross sections spanning 300 m upstream of the
former reservoir (cross section numbering starts as #1 near the dam
and numbering increases with distance both upstream and downstream of dam). Spacing of cross sections increased with increasing
distance from the dam resulting in a denser network of cross sections
in dam proximal locations (Fig. 3). Cross sections were surveyed,
orthogonal to streamﬂow, with either a TOPCON Auto Level or a
PENTAX Total Station with the channel margins staked for subsequent
re-occupation. To augment the channel cross sections, we surveyed
the channel-bed longitudinal proﬁle with a TOPCON Robot Total Station,
sampling every 2–3 m along the ~ 1.1-km study reach. Pebble counts
(Wolman, 1954) were conducted at each cross section. As bed grainsize distributions are skewed, data were logged (base 10) for subsequent difference of means test.
Because of the potential detrimental effects of ﬁne sediment
deposition (Stanley et al., 2002; Sethi et al., 2004; Gangloff, 2013), we
sampled gravel embeddedness at multiple cross sections both upstream
and downstream of the dam. Embeddedness techniques range from
qualitative assessments to the more quantitative, but can still be fraught
with measurement issues and inconsistencies (Sennatt et al., 2006;
Descloux et al., 2010). Because we are dealing with impacts on
spawning habitat and rearing, we used a method recently developed
by Finstad et al. (2007) that uses a rubber tube (~ 5 cm long and
0.5 cm in diameter) to measure the number and extent of interstitial
spaces within channel-bed gravels. Previous work in the region indicates that this approach represents broader patterns of bed aggradation

(Kasprak et al., 2013). We recorded the total number of discrete spaces
within 0.3-m2 sampling quadrats, using three replicate quadrats
randomly placed along transects.
Following removal, all channel cross sections were surveyed as well
as the longitudinal proﬁle (upstream and downstream) using the same
pre-removal approaches and methods. The upstream longitudinal
proﬁle was measured twice: once several hours before the June 28
ﬂood and also one month later which provided channel-bed proﬁles
for the initial knickpoint erosion owing solely to the removed dam
and also to post-removal and post-ﬂood incision. Moreover, we
established three new cross sections in the sub-reach of the former
reservoir. Pebble counts and embeddedness measurements were
resampled in previous locations.
Total volume of material eroded/deposited was approximated from
the longitudinal proﬁles and from changes at measured cross sections.
Each has its own merits and shortcomings: area changes at the cross
section represent changes along the channel width but lack the resolution of detailed measurements afforded by detailed surveying along the
longitudinal proﬁle. Because distances between cross sections were not
equally spaced, we used the percentage of the reach between successive
cross sections to scale the cumulative erosion or aggradation along the
entire downstream or upstream reach. Unlike the cross sections, the
longitudinal proﬁles provide great detail at points along the channel
but miss important lateral changes. We integrated the differences in
depth along the proﬁle and calculated sediment volumes from reachaveraged width measurements. Volume estimates from the cross
sections and longitudinal proﬁles accorded well.
3.2. Fish sampling
We used two methods to sample ﬁsh species and assemblages above
and below the dam site before and after dam removal. For sea lamprey
(Petromyzon marinus), one of the three diadromous species present in
the river, spatially-continuous visual redd surveys (redds are the
distinctive raised gravel nests constructed by spawning lampreys)
were conducted during the spawning period throughout the Fort
River basin according to the protocols described in Nislow and Kynard
(2009). In the dam-inﬂuenced reach, the locations of all redds were
recorded with respect to distance and position from the removed and
the newly exposed crib dam. For all other ﬁshes, we used two-pass
electroﬁshing removal in 30-m stream sections, in which all ﬁsh were
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weighed, measured (standard length), and identiﬁed to species before
being returned to the stream. We sampled two sections downstream
and two sections upstream of the removed dam and four sections
within the basin as spatial references in 2012 (pre-removal) and 2013
(post-removal) years. We also sampled three sections within the
basin, but outside the study area, as spatial references. Reference
sections were placed on one site ~ 0.75 km upstream on Amethyst
Brook (‘Falls’ site), a second site on a small tributary (catchment area
4.30 km2; ‘Tributary’ site) with a conﬂuence of ~0.25 km upstream of
the Falls site, and a third site on Adams Brook an adjacent tributary of
the Fort River with a similar drainage area as the Amethyst Brook
study site (17.30 km2; ‘Adams’ site). Upon exposure of the exhumed
wooden crib dam following removal, we added two sections upstream
of the exposed dam, which were sampled in 2013 only.
4. Results
4.1. Pre-removal baseline conditions

Fig. 4. Median bed particle size downstream of dam. Solid line is pre-dam and dashed line
is post-dam.

4.1.1. Geomorphic conditions
The study reach was signiﬁcantly affected by the dam's longstanding
presence, especially the downstream reach where the dam's sediment
trapping led to signiﬁcant bed coarsening and armoring, especially in
dam proximal settings (Table 1). Median bed particle size (D50) ranged
between 79 and 150 mm with no evident downstream pattern (Fig. 4).
The pre-removal downstream grain sizes are signiﬁcantly coarser than
the upstream sites (Table 1): pre-removal upstream sites ranged
between 39 and 69 mm (Table 1). Bed coarsening/armoring continued
to distal cross sections 750 m downstream. The armoring was further evident in embeddedness surveys (Table 2) that showed the lack of interstitial spaces pre-removal. In the immediate vicinity of the dam
(downstream cross sections 1–4) and farther downstream, we found
low availabilities of interstitial shelter spaces (3.56 ± 1.24 and 5.6 ±
1.02 spaces ∗ m−2, respectively), while at the furthest downstream
cross sections (10 and 11) shelter space counts were at least twofold
(12.67 ± 2.17 spaces ∗ m−2) (Table 2).
Upstream of the dam, the channel was graded to the elevation of the
impoundment and former reservoir, with sandy-gravelly deltaic facies
proximal to and into the former reservoir. Channels were generally
symmetrical in shape, with width-to-depth (W:D) ratios on the order
Table 1
Median (D50) and mean bed particle size data for both upstream and downstream cross
sections for pre-removal (2012) and post-removal (2013) surveys.
Median bed particle size
(mm)

Mean bed particle size
(mm)a

2012

2012

I. Upstream cross sections
U1
60
U2
52
U3
39
U4
61
U5
45
U6
45
U7
69
II. Downstream cross sections
D1
150
D2
110
D3
120
D4
88
D5
90
D6
100
D7
100
D8
130
D9
79
D10
150
D11
93
a

2013

2013

105
55
50
74
70
77
105

42.7
41.2
36.3
48.1
41.8
48.4
54.3

84.1
50.2
44.8
67.9
55.0
57.5
65.5

75
52
50
54
59
58
40
50
56
49
48

129.7
94.6
109.6
89.4
84.3
94.3
106.7
121.7
70.7
124.1
104.4

77.0
58.0
52.3
65.6
54.4
54.5
45.8
55.0
53.3
46.3
47.6

Note: Italics indicates signiﬁcant difference (p b 0.05).

of 8–12, with a bed proﬁle slope of ~ 1.3%. Habitat units ranged evenly
between rifﬂes and glides, but deep pools occurred intermittently,
especially at the large meander bend between cross sections 5 and 6
(Fig. 3) and where bedrock ledges controlled bed topography.
4.1.2. Fish assemblages
Fish assemblages in Amethyst Brook were characterized by a relatively diverse (11 species total) (Table 3) set of native and non-native
cool- and cold-water freshwater resident (8 species) and diadromous
species (3 species). Blacknose dace (Rhinichthys atratulus), a native,
stream cool-water cyprinid was the most numerically abundant species.
Blacknose dace, native brook trout (Salvelinus fontinalis), and nonnative brown trout (Salmo trutta) (all freshwater resident) were the
only species found above and below the removed dam prior to removal
(Figs. 5–10). In contrast, four species that were abundant in below-dam
samples were not encountered above the dam (Table 3). Similarly, sea
lamprey redds were not found upstream, nor were they found immediately downstream of the dam, only occurring in association with the
farthest downstream cross sections (Table 3). These patterns were
reﬂected in a distinct threshold of species richness moving from downstream to upstream of the dam (Table 3; Fig. 5).
4.2. Post-removal impacts
4.2.1. Geomorphic changes
4.2.1.1. Upstream adjustments. Channel responses following removal
reﬂect the effects of dam removal and partially the occurrence of the
large ﬂood 6 months after removal. We were only able to measure the
upstream reach's longitudinal proﬁle prior to the ﬂood, with all other
measurements being post-ﬂood and post-removal. For the upstream
reach, dramatic changes occurred within the ﬁrst 6 months following
removal (Fig. 11). Knickpoint migration exhumed an extensive buried
wooden crib dam (Fig. 12) that now serves as an exposed grade control
limiting continuous upstream headcutting. This crib dam was not identiﬁed during pre-removal ﬁeld reconnaissance nor did it appear on any
Table 2
Results of interstitial space surveys (mean number of spaces ∗ m−2) downstream of the
removed dam.
Downstream cross sections Pre-removal mean s.e.
Cross sections 1–4
Cross sections 5–9
Cross sections 10–11

3.56
5.6
12.67

Post-removal mean s.e.

1.24
7.64
1.02 13.33
2.17 10.67

1.34
1.33
6.14
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Table 3
Species encountered before (2012) and after (2013) dam removal (BKT = brook trout, BNT = brown trout, ATS = Atlantic salmon, BND = blacknose dace, LND = longnose dace, SS =
slimy sculpin, WHS = white sucker, YBH = yellow bullhead, EEL = American eel, SL = sea lamprey). Those species that were only found below the removed dam prior to removal
indicated in bold. See Fig. 3 for location of cross sections.
Site

Cross section

Removed dam

Exposed dam

2012

2013

Robert Frost Trail
Below dam
Directly above removed dam
Above dam treeline
Right above crib dam
150 m above crib dam
Below Buffam Falls
Meetinghouse Rd Tributary
Adams Brook

D11
D1–D3
U1–U3
U4
U5
U7
NA
NA
NA

Downstream
Downstream
Upstream
Upstream
Upstream
Upstream
NA
NA
NA

Downstream
Downstream
Downstream
Downstream
Upstream
Upstream
NA
NA
NA

BKT, BNT, ATS, BND, LND, SS, WHS, SL
BKT, BNT, ATS, BND, LND, SS, WHS, YBH
BKT, BND
BKT, BNT, BND
Did not sample
Did not sample
BKT, BNT, ATS, BND
BKT
BKT, BNT, ATS, BND, LND, SS

BKT, BNT, BND, LND, SS, SL
BKT, BNT, BND, LND, SS, WHS
BKT, BNT, ATS, BND, LND, SS, SL
BKT, BNT, ATS, BND, LND, SS, SL
BNT, BND
BKT, BNT, BND, EEL
BKT, BNT, BND, EEL
BKT
BKT, BNT, ATS, BND, LND, SS

historical records suggesting a very early historical age (older than the
A.D. 1820 Pelham dam). Although unanticipated, exhumation of buried
structures is not an uncommon phenomenon following dam removal
(Harris and Evans, 2014; Wilcox et al., 2014; Zunka et al., 2015).
Post-removal channel incision and subsequent upstream migration
evacuated signiﬁcant volumes of sediment (Fig. 11). Between − 70
and −104 m upstream of the former dam (Fig. 11), the channel incised
2–2.5 m following dam removal and the June 2013 ﬂood (Fig. 13),
evacuating a minimum of 650 m3 of sediment between − 125 m and
into distal locations of the former reservoir (− 70 m). A deep pool
formed below the exhumed crib dam, but limited erosion occurred
above it. In contrast to the signiﬁcant incision below the crib dam,
minimal difference exists in bed elevations pre- to post-removal for
the upper 120 m of the reach (−290 to − 170 m), with irregular bed
elevation differences, including aggradation and degradation, between
−170 m and the exhumed crib dam (Fig. 11).
Extensive erosion occurred in response to the June 2013 ﬂood, magnifying the initial effects of the dam removal. Incision was pronounced
again below the crib dam, with an additional incision of 0.4–0.8 m,
including incision into the post-removal engineered channel-bed in
the former reservoir (Fig. 11). The pool below the crib dam deepened
following the ﬂood, and some channel-bed erosion occurred upstream
of the crib dam, due in part to some crib dam collapse during the
ﬂood (Fig. 11). Similar to the initial erosion prior to the ﬂood, channelbed incision and erosion was not translated into the upper reaches of
the transect (− 290 to − 170 m). We estimate that an additional

450 m3 of material was eroded post-ﬂood along the entire transect
(i.e., including the channel reach in the former reservoir).
Post-removal channel cross sections were not measured pre-ﬂood,
so they only represent the aggregate changes from the pre-removal
to the combined post-ﬂood and post-removal periods. Erosion was
pronounced in reservoir proximal locations (cross sections 1–3) with
19 and 36 m2 of channel erosion occurring within the ﬁrst two upstream
cross sections, respectively (Table 4). Total channel erosion attenuates
rapidly upstream with imperceptible changes occurring in the three
most upstream locations (cross sections 5–7) (Table 4). As is true of
the longitudinal proﬁle, translation of erosion and knickpoint migration
occurs up to and above cross section 4 (at − 140 m). The spatially
averaged depth of incision from the cross section surveys indicate
~ 0.54 m of erosion along the upstream reach, which corresponds to
~ 1100 m3 of erosion. Assuming a dry bulk density of 1500 kg/m3 for
the sand and gravel alluvium, this corresponds to ~ 1.5 ∗ 106 kg of
eroded sediment from the upstream reach. Integrating longitudinal proﬁle depth differences along the upstream reach corresponds to 1000 m3
of total erosion. Assuming the same dry bulk density of 1500 kg/m3 of
alluvial material, this corresponds to 1.6 ∗ 106 kg of evacuated sediment.
The cross sectional volume estimates correspond well to the depth and
volume differences, generating a standardized ﬂux of 60,000 kg/km2.
4.2.1.2. Downstream adjustments. Impacts downstream were less
dramatic at the cross section scale but spatially more extensive along
the longitudinal proﬁle. For changes at cross sections and along the

Fig. 5. Fish species richness (total number of species per sample). Black bars are before (July 2012) dam removal and gray bars are after (July 2013) dam removal.
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Fig. 6. Estimated slimy sculpin densities before (black bars, July 2012) and after (gray bars, July 2013) dam removal. Error bars represent 95% conﬁdence intervals. CI NA = conﬁdence
interval not available because the number of individuals captured on second electroﬁshing pass equaling or exceeding captured on ﬁrst electroﬁshing pass; in these cases density is
calculated from total number of slimy sculpin captured during both passes. No SS = no slimy sculpin captured at this site. DNS = did not sample.

longitudinal proﬁle, aggradation predominated, especially in dam
proximal locations (Fig. 14). For the ﬁrst two downstream cross
sections, net deposition of 1.6 and 10 m2 occurred, although the peak
at cross section #2 was exacerbated by several pieces of large woody
debris (LWD) on the left bank downstream of the cross section that
created a backwater effect enhancing deposition. A second peak in
aggradation occurs ~ 500 m downstream at cross section 7 (net deposition of 3 m2) before thinning at the most downstream cross section
750 m downstream (Fig. 14). This peak suggests a wave of material
translated downstream, especially as there are no major tributary
inputs of sediment along the reach. Using the net changes occurring at
each cross section and spatially averaging the distances along the proﬁle
generates ~ 858 m3 of sediment deposition. Net aggradation is further
revealed by the detailed longitudinal proﬁle (Fig. 15). Integrating the

net changes along the bed proﬁle reveals ~ 1100 m3 of deposition
along the 750-m reach. Again, assuming a gravel-sand porosity of
1500 kg/m3 generates 1.65 ∗ 106 kg of sediment, or 66,000 kg/km2.
Post-removal pebble counts signal major ﬁning in particle size
downstream of the former dam and an irregular variation upstream
(Table 1 and Fig. 4) where coarsening and ﬁning both occurred. For
the downstream reach, channel-bed ﬁning was on the order of 30–
50%, with all cross sections experiencing signiﬁcant ﬁning (Table 1).
Prior to removal, there was no apparent systematic pattern in grain
size downstream below the dam; whereas, following removal, there is
a more consistent and coherent ﬁning (Fig. 4). Results of embeddedness
surveys coincide with these changes. Shelter space availability increased nearly twofold immediately downstream and nearly threefold
toward the middle of the study section (Table 2), while the farthest

Fig. 7. Estimated Atlantic salmon densities before (black bars, July 2012) and after (gray bars, July 2013) dam removal. Error bars represent 95% conﬁdence intervals. See Fig. 6 caption for
conﬁdence interval details. No ATS = no salmon captured at this site. DNS = did not sample.
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Fig. 8. Estimated longnose dace densities before (black bars, July 2012) and after (gray bars, July 2013) dam removal. Error bars represent 95% conﬁdence intervals. See Fig. 6 caption for
conﬁdence interval details. No LND = no longnose dace captured at this site. DNS = did not sample.

downstream sections, which had the highest availability pre-removal,
exhibited little change.
4.2.2. Fish assemblage changes
4.2.2.1. Upstream changes. In the post-removal samples, four species
(Longnose dace (Rhinichthys cataractae), Slimy sculpin (Cottus cognatus),
Atlantic salmon (Salmo salar), and sea lamprey (P. marinus) that were
not found above the removed dam in the previous year were found in
the two sections upstream in 2013, resulting in an approximate doubling
of species richness in these sections (Table 3, Fig. 5). These species were
not, however, found in the sections sampled immediately upstream of
the exposed crib dam (Figs. 6–10). At the same time, overall ﬁsh abundance was greatly reduced in the two upstream sections in 2013 compared to 2012, due largely to a major reduction in the abundance of
blacknose dace (Fig. 10), the most common species. Reference sections,
well out of the inﬂuence zone of the dam removal, did not experience
these reductions (Figs. 6–10).

4.2.2.2. Downstream changes. Overall, ﬁsh abundance decreased
substantially in 2013 vs. 2012 in both downstream sample sections.
Almost all, including the most common species, blacknose dace, showed
decreases; and some species that were abundant in 2012 were completely absent from either one or both of the sample sections in 2013, resulting
in lower species richness (Table 3 and Figs. 5–10). One notable exception
was that sea lamprey redds, previously unobserved immediately downstream of the former dam, were found there for the ﬁrst time in 2013.
5. Discussion
By combining pre- and post-quantitative geomorphic and ecological
data, we were able to document complex, interactive immediate effects
of a dam removal in a small upland catchment. The occurrence of an
extreme ﬂow event subsequent to removal resulted in a major readjustment of sediment and geomorphic regime, with aggradation and associated bed caliber ﬁning extending downstream to the river's mainstem
conﬂuence. Evacuation of stored sediments upstream exposed a second,

Fig. 9. Estimated brook trout densities before (black bars, July 2012) and after (gray bars, July 2013) dam removal. Error bars represent 95% conﬁdence intervals. See Fig. 6 caption for
conﬁdence interval details. No ATS = no brook trout captured at this site. DNS = did not sample.
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Fig. 10. Estimated blacknose dace densities before (black bars, July 2012) and after (gray bars, July 2013) dam removal. Error bars represent 95% conﬁdence intervals. See Fig. 6 caption for
conﬁdence interval details. No ATS = no blacknose dace captured at this site. DNS = did not sample.

timber crib dam, which served as a hydraulic control limiting the extent
of headcutting. These geomorphic effects were clearly reﬂected in
changes in ﬁsh distribution and abundance. The occurrence of a bedmobilizing event during a time period when many species were at
vulnerable stages in their life cycle was associated with general reductions in overall abundance downstream and immediately upstream of
the year following dam removal. At the same time, four species that
were previously unobserved above the dam were found in postremoval samples, approximately doubling overall species richness.
Further, the availability of appropriate spawning gravel following dam
removal in downstream, sediment-starved sections was associated
with successful spawning of native sea lamprey in areas where they
were not previously observed. Finally the newly exposed crib dam, in
addition to serving as a hydraulic control, also limited the spatial extent
of upstream reestablishment of ﬁsh species. Our results indicated that a
set of fairly routine geomorphic and ecological measurements effectively
characterized important immediate effects of dam removal and could
serve as a template for a generalized monitoring protocol. These results,
while in some ways consistent with previous studies and general geomorphic and ecological understanding, also underscore the inherent

Fig. 11. Longitudinal proﬁle for the upstream reach. Distances are shown as negative
numbers indicating distance upstream of the former dam. The upper line is pre-dam
removal. The middle line is post-removal but pre-ﬂood. The lower line is post-ﬂood.
Numbers and arrows refer to sampled cross sections. Dam height is ~88.8 m.

unpredictability of the magnitude and direction of short-term responses.
Effectively communicating that this uncertainty may be an essential
component of constructive engagement with the wide range of stakeholders involved with, and affected by, dam removal.
5.1. Geomorphic adjustments
Results from this study provide new insights to the magnitude, style,
and type of geomorphic adjustments to dam removal and help reﬁne
our general understanding of the tempo of change to the removal of a
long-term disturbance and the associated spatial extent of geomorphic
recovery. In particular, we document the important length scale of
response, the role of event sequencing, and the geomorphic expression
in coarse gravel streams. The magnitude and response rate was conditioned by both the geologic and geomorphic boundary conditions and
removal strategies.
5.1.1. Length scale of impact
The type of removal, where the sediment was mechanically evacuated
and stored on site with the dam removed in stages, prevented signiﬁcant
knickpoint headcutting through the impoundment. The upstream extent
was further limited by the exhumation of an older wooden crib dam,

Fig. 12. Exhumed wooden crib dam. Photo taken soon following the 28 June 2013 ﬂood.
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Fig. 13. Changes in representative cross sections upstream of the former dam. Cross sections 1 (A) and 2 (B) are below the exhumed crib dam. Cross sections 6 (C) and 7 (D) are at the
beginning of the reach and are well above the crib dam (see Figs. 3 and 12 for location of cross sections).

but bed surveys revealed a bedrock ledge ~ 45 m upstream of the crib
dam that would have arrested further upstream propagation. The limited
spatial extent of headcutting seems to predominate in physiographic
regions like New England where streams ﬂow on resistant bedrock or
where coarse Pleistocene deposits get exhumed and limit progressive
headward propagation (Pearson et al., 2011; Gartner et al., 2015). For
Amethyst Brook, the spatial extent of headcutting was on the order of
~ 4–5 bankfull widths above the former impoundment head (due to
the crib dam) but would have only progressed to ~9–10 bankfull widths
before encountering its ﬁrst bedrock ledge.
The downstream impact was more extensive, both in terms of bed
aggradation and bed sedimentological changes. Aggradation continued,
but attenuated, throughout the entire downstream length of ~750 m, a
distance of ~ 75 bankfull widths. Moreover, besides aggrading, the
channel ﬁned following removal—a response that typiﬁed the entire
length scale. Unlike previous studies that document the general ﬁning
of the bed downstream of the removed dam due to material supplied
from the former reservoir (Major et al., 2012), the progressive bed

ﬁning better reﬂects the re-connected sediment ﬂux that has further
led to channel-bed aggradation. In a recent assessment of large dam
removals, Grant and Lewis (2015) document the post-removal downstream spatial extent of coarse and ﬁne sediment and relate it to the
amount (in tons or volume) of sediment exported from the impoundment relative to the annual sediment load (a metric they denote as
E*). As to be expected, the ﬁne fraction is exported the farthest, often
twice the distance of the bedload, with sites with the highest E* ratios
having the farthest travel distances. We lack regional sediment data to
calculate E* so it is difﬁcult to relate our results to their assessment,
but for ﬁnes limited sites, typical of New England, and where sediment
is removed and subsequently stored prior to dam removal, transport

Table 4
Pre-removal (2012) to post-removal (2013) changes in channel cross-sectional area for
upstream locationsa. See Fig. 3 for location of cross sections.
Cross
section

Deposition
(m2)

Erosion
(m2)

Net change
(m2)

Distance from beginning
of reach (m)

U1
U2
U3
U4
U5
U6
U7

0.30
0.00
0.56
0.09
0.63
0.50
0.36

−19.49
−36.85
−9.69
−5.70
−2.13
−0.69
−0.37

−19.19
−36.85
−9.13
−5.61
−1.49
−0.19
−0.01

219.59
200.61
185.80
156.71
126.99
80.95
37.78

a
Note: Going from the downstream cross section (XS #U1) near the former dam to the
most upstream cross section (XS #U7).

Fig. 14. Post-removal net deposition downstream of the former dam for channel cross
sections. See Figs. 3 and 11 for location of cross sections.
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that the aspect ratio (width of reservoir to upstream channel width)
represents a ﬁrst-order control on the volume of sediment evacuation
(where aspect ratio is high, less of the total sediment is removed in a
given time period relative to a dam with a lower aspect ratio). Approximately 30% of the total volume of reservoir sediment was removed in
the ﬁrst year (assuming an estimated 3500 m3 of reservoir ﬁll—which
is a minimum value as it is based on sediment volume excavated and
stored on site) with a corresponding aspect ratio of 4.5. (assuming
bankfull channel width is 9 m in the control section (Fig. 13) and an
average reservoir width of 40 m). This percent volume evacuated in
the ﬁrst year (~30%) corresponds well with other removals of similar
reservoir sedimentology (Grant and Lewis, 2015) and is generally in
the region suggested by Sawaske and Freyberg (2012) for dams of
similar reservoir geometry.
5.2. Ecological adjustments
Fig. 15. Pre-removal (2012) and post-removal (2013) bed elevations along the longitudinal
proﬁle for the downstream reach.

distances may be less than estimated by Grant and Lewis (2015).
Despite this caveat, the downstream ﬁning and bed aggradation of the
coarse fraction 750 m downstream of the dam within the ﬁrst year
corresponds well with dams of similar watershed size and sediment
characteristics identiﬁed by Grant and Lewis (2015).
5.1.2. Event sequencing
Recent studies have identiﬁed the salient role of the initial processes
driving upstream to downstream sediment delivery. Sawaske and
Freyberg (2012) document that most of the erosion occurs quickly, generally within 1–2 years post-removal. However, when stratifying the
Sawaske and Freyberg (2012) data set by impoundment sedimentology,
Grant and Lewis (2015) show that the more rapid erosion occurs in sites
where the impoundment sediments are primarily sandy (Major et al.,
2012) or where mass movement occurs in saturated sediments
(Wilcox et al., 2014). However, these assessments are usually aggregate
data, and they lack a more mechanistic explanation. The timing and rate
of sediment release can be governed by different driving forces, intrinsic
or extrinsic to the system, similar to what Pizzuto (2002) conceptualized
as process-driven erosion (often associated with falling base level, slope
increases, and knickpoint migration) vs. event-driven erosion (largeﬂow dependent erosion and transport). The style of removal for Pelham
dam represents one end member of a suite of styles: a staged removal
combined with sediment evacuation and subsequent on-site storage
prior to removal. The removal design limited material directly accessible
by the stream. As the stream is at or near bedrock immediately upstream
of the former dam, it will require progressive channel widening or
lateral migration to access that material stored in the former
impoundment—which has not yet happened, even during the large
post-removal ﬂood which was associated primarily with bed incision.
This is not to imply that process-driven responses have not occurred.
Knickpoint migration was pronounced up to the former crib dam even
before the June 2013 ﬂood. Bed surveys pre- and post-removal along
the reach where pre-ﬂood data are available (Table 4 and Fig. 11)
indicate that ~ 67% of the aggregate erosion happened before the
major ﬂood, suggesting that process-driven erosion predominated
during the six post-removal months. Recent documentation of event sequencing (Pearson et al., 2011; Major et al., 2012; Grant and Lewis,
2015) indicates that process-driven erosion tends to predominate;
and our results, which include an extremely large ﬂood post-removal,
also indicates that initial process-driven erosion may be the more
important mechanism in the initial years post-removal.
The combined removal of ~1000 to 1110 m3 of upstream sediment
within the ﬁrst year further corresponds with empirical relationships
based on reservoir geometry. Sawaske and Freyberg (2012) suggest

Even given the limited time frame, the changes in ﬁsh distribution
that we observed were in many ways consistent with our expectations
and the results of previous studies. While stream ﬁsh populations and
assemblages can exhibit marked interannual variation even in the
absence of major ﬂoods and barrier removals, this general consistency
with predictions and previous research, along with markedly lower
between-year differences in reference sites, indicate that pre- and
post-removal differences were likely inﬂuenced by the increased connectivity and geomorphic adjustments associated with dam removal.
Several species that were not found below the dam in 2012 were
found in sizeable numbers following dam removal. This ﬁnding is
consistent with rapid colonization after the removal of barriers to movement observed in studies encompassing a wide range of dam types and
environmental settings. While relatively few of these studies have been
conducted in small upland catchments typical of the northeastern U.S.,
Gardner et al. (2013) found that three of the same species we observed
extending their distributions upstream had the same response to small
dam removal in a central Maine watershed. As two of these species
(slimy sculpin and longnose dace) are widely distributed across the
northeast, they may be an appropriate general effectiveness indicator
for dam and barrier removal efforts. These distributional changes have
particular importance for anadromous species. The ability of sea
lamprey to spawn upstream immediately following dam removal has
been observed previously in a small New England watershed (Hogg
et al., 2013). Given the role of this species as a potential ecosystem
engineer, inﬂuencing substrate composition (Hogg et al., 2013) and
providing marine-derived nutrients (Nislow and Kynard, 2009),
upstream reestablishment may have wide-ranging impacts on ecosystem function. Reinforcing the primary inﬂuence of barriers and barrier
removal on the observed distributional changes, the four species that
were found upstream of the removed dam did not move upstream
past the newly-exposed dam. In addition to removing a barrier to
upstream passage, our study is the ﬁrst to demonstrate that reestablishment of appropriate spawning gravels in sediment-starved downstream locations could increase the number and distribution of
lamprey spawners, although such effects have been demonstrated for
migratory salmon, whose spawning gravel requirements broadly overlap those of sea lamprey (Saunders et al., 2006).
In spite of the positive changes in distribution, we did observe
general reductions in abundance following the combination of dam
removal and an extreme ﬂood event. Although we cannot absolutely
rule out that the ﬂood alone was the cause of reduced abundance, two
considerations suggest that an interaction between the ﬂood and the
geomorphic impacts of the dam removal was largely responsible. First,
reference sections in the Amethyst Brook basin experiencing roughly
similar rainfall intensities but unassociated with the dam did not exhibit
similar reductions in ﬁsh abundance (Table 3 and Figs. 6–10). Second, a
number of studies have found that direct mortality and reduction in
stream ﬁsh abundance in response to ﬂoods is generally associated
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with bed movement (Nislow et al., 2002), which was strongly inﬂuenced by the removal of the dam. All of the ﬁsh species encountered
in our study are widespread and relatively abundant in the basin; and
large ﬂuctuations in abundance, frequently associated with interannual
variation in ﬂow and temperature regimes, are often observed in
northern stream ﬁsh populations (Xu et al., 2010). Therefore, the
short-term decreases in abundance we observed are unlikely to persist
or seriously threaten these populations. In fact, changes in physical
habitat that we observed suggest that ultimate effects on ﬁsh abundance and diversity, even in downstream sections where we observed
initial decreases, are likely to be positive. Availability of spawning gravel
exerts a primary control on abundance for gravel nesters such as
lampreys and salmonids (Opperman et al., 2005), and our results
strongly indicate a substantial increase in availability for nearly a
kilometer of downstream habitat. Replenishment of sediment in a previously sediment-starved reach also has implications for overall riparian
and instream habitat diversity, as sediment will now be available to
form bars, side channels, and other important habitat features. Finally,
interstitial space appears to be an important habitat attribute for stream
ﬁshes, as a large percentage of the species that we observed use these
spaces as shelters (Gries and Juanes, 1998) and the availability of
shelters has been linked to increased growth and survival of stream
salmonid ﬁshes (Finstad et al., 2007). At the same time, the large-scale
aggradation and sediment accumulation we observed underscores
concerns raised by Sethi et al. (2004) about risks to rare, sedentary populations (such as freshwater mussels) with limited scope for recolonization and low compensatory scope to rebound from low population
levels.
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to downstream sediment dispersal. In this way, its occurrence may have
been more signiﬁcant at larger spatial scales as its effect on downstream
transport may have been more pronounced. Future work should
attempt to evaluate the role of event sequencing not just on upstream
responses but also to the magnitude and spatial extent of downstream
adjustments.
From a management perspective, this dam removal has provided
important results and insights. It shows that ecological beneﬁts can be
achieved rapidly: (i) several species, which were never observed
upstream of the former dam, have now made it upstream of the former
barrier, and (ii) sea lamprey are constructing redds up to and beyond
the former dam—all within the ﬁrst year of removal. But success should
not be limited to short-term changes in ﬁsh occurrence or abundance.
We contend that the real measure of success is whether the coupled
geomorphic and ecological response is occurring. The question should
not merely be ‘are the ﬁsh making it above the former impoundment?’,
but, rather it should be ‘are ﬁsh demography, population viability, and
species diversity responding to the new sets of geomorphic conditions
resulting from the reconnected sediment regime and pre-dam natural
ﬂow?’. Our results highlight this coupled eco-geomorphic response
and further show that it can happen quickly. From a regional perspective, our results support the recent emphasis on dam removal as an
important tool for river restoration at reach and watershed scales.
Given improvement in ﬁsh passage along the Connecticut River
mainstem, our results clearly show that headwater spawning habitat
can rapidly be made viable and available if small dams are removed.
Stewart and Grant (2005) queried “What can we learn from the removal
of little dinky dams?” We contend that you cannot only learn a lot, you
can also achieve a lot.

6. Conclusions
As Grant and Lewis (2015) indicate in their broad synthesis of
15 years of dam removal studies, our scientiﬁc understanding of how
rivers respond to dam removal has dramatically improved. With the
greater empirical coverage of dam types and styles of removal
(Stewart and Grant, 2005; Sawaske and Freyberg, 2012; East et al.,
2015; Grant and Lewis, 2015), the scientiﬁc community has moved
well beyond early conceptual models based on geomorphic analogies
(Doyle et al., 2002; Pizzuto, 2002). For the initial and extant boundary
conditions outlined herein where a staged removal occurred in a coarse
gravel-bedded stream and where the impoundment sediment was
mechanically relocated, geomorphic adjustments have been robust,
generating important ecological responses. The downstream bed ﬁning
was related more to the reconnected sediment supply rather than to the
supply from the former impoundment. The decrease in bed caliber has
provided greater interstitial spaces and has further generated the
suitable bed texture for gravel-spawning species such as sea lamprey
and salmonid ﬁshes (trout and salmon).
The occurrence of a large ﬂood within the ﬁrst year of removal
provided the opportunity to document the relative role of process vs.
event-driven erosion and to quantify the resulting ecological effects
due to the reconnected longitudinal connectivity following dam removal
and associated impacts from a bed mobilizing event. With the timing of
the large ﬂood occurring at a vulnerable time of their life cycle, ﬁsh
abundances tended to decline for most species downstream of the
removed dam. As Nislow et al. (2002) documented, this effect is probably ephemeral and future monitoring will need to occur to capture the
pace of population changes. The large ﬂood did, however, help answer
whether process-driven or event-driven erosion dominates. Although
limited to a small reach upstream of the dam and its former impoundment, we were able to document that the ‘normal’ spring ﬂows after
the late fall dam removal, in combination with headward knickpoint
migration (process-driven erosion), were adequate to achieve the bulk
of sediment evacuation. The large ﬂood accounted for only ~ 33% of
upstream bed erosion; but despite its limited erosion relative to
knickpoint migration, the ﬂood probably contributed more importantly
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