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Abstract: Despite a steep increase in dam removal projects, there are few studies on the biophysical
responses to dam removal. In this study, we evaluated the short-term (1.5 years) and long-term
(5.5 years) effects of partial check dam removal on fish assemblages and their habitats. First, the habitat
preferences of fish were examined at a channel unit scale: pools, rapids, and side channels satisfied
the seasonal habitat requirements of the fish assemblages. Partial check dam removal increased the
abundance of these habitats and diversified the habitat structures owing to the sediment release from
the dam; in contrast, the bedrock distinctly decreased 1.5 years after dam removal. However, 5.5 years
after dam removal, the bedrock proportion increased, and the habitat structures were simplified again
owing to the re-transportation of sediments. Similar temporal changes were also determined through
a reach-scale analysis with a change in the bed materials. Anadromous Oncorhynchus masou began
to spawn and recolonize in the upstream section of the dam after the dam removal, causing similar
assemblage compositions between the downstream and upstream sections. The abundance of
Salvelinus malma and Noemacheilus barbatulus toni in the upstream reaches decreased over time after the
dam removal. The temporal changes in the biophysical responses suggest that long-term monitoring
is indispensable for the reliable evaluation of dam removal effects.

Keywords: bedrock outcrop; ecological trade-off; habitat preference; long-term monitoring;
sediment transportation

1. Introduction

A steep increase in dam removal projects has been observed owing to increasing economic, safety,
and environmental concerns. There have been more than 3450 dam removal projects in Europe [1],
1300 in the United States [2], and 394 in Japan [3]. The number of dam removal projects rapidly increased
starting in the 1990s and continues to increase [4,5]. Dams are considered to cause wide-ranging
effects on river ecosystems because of the alterations of flow and sediment regimes, disruption of the
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channel network, habitat alteration, and limitations of the accessible area for aquatic organisms [4,6,7].
Thus, dam removal is considered to be a significant step for river restoration.

Owing to the increase in dam removal projects, several studies on the effects on the river
ecosystem are being conducted [8]. However, only 9% of dam removals in the United States were
scientifically evaluated, and most of these studies focused on the hydrologic and geomorphic responses,
with short evaluation (<4 years) and limited (1–2 years) or no pre-removal monitoring [8]. Studies on
the geomorphic responses of the Kuma River to the first Japanese high-dam removal (the Arase
dam removal project) recently began [9,10]. In Europe, there have been fewer studies on dam
removal compared to the number of dam removal projects [1]. Thus, there are fewer studies on
predicting the biophysical responses to dam removal [11–13] compared to those on hydrologic and
geomorphic responses.

There is a lack of long-term assessments of the biophysical responses before and after dam
removal on a global scale [2,8]. Geomorphic and ecological responses to dam removal can move
toward a new equilibrium condition over time as reservoir sediments stabilize and/or new sediment
regimes are established [14]. Thus, studies based on short-term monitoring may neglect or
misunderstand some of the biophysical responses to dam removal. For example, an early effect
of dam removal was the deterioration of salmonid spawning habitats caused by fine sediment
accumulation in the downstream reaches of the dam [15]. Other early drastic habitat changes that
can potentially damage aquatic organisms have been reported following dam removal; massive
sediment deposition (riverbed aggradation), active channel widening, and changes in the channel
form [16–19]. Alternatively, dam removal could eventually help improve the river ecosystem through
recovery of the natural sediment regime. The coarsening of riverbed materials (armor coat) and
bedrock outcrop are the primary causes of ecological issues in the downstream reaches of dams.
For example, these riverbed conditions can decrease the fish abundance and cause deterioration of
salmonid spawning habitats [6,20]. These issues can be mitigated by recovering the sediment supply
after dam removal. Long-term monitoring can evaluate the biophysical responses, including the
ecological trade-off on a temporal scale.

In the Ikeshomanai Stream, there were ecological problems associated with a check dam, including
habitat homogenization with a bedrock outcrop in the downstream reaches of the dam and a limitation
to the upstream spawning migration of anadromous Oncorhynchus masou (masu salmon). In 2009,
the check dam was partially removed to solve these problems. The purpose of this study is to evaluate
the short-term (1.5 years) and long-term (5.5 years) effects of partial dam removal on fish habitats
and assemblages. First, at the channel unit scale, we examined the habitat preferences of all species
of fish at our study site based on seasons and body sizes. Subsequently, time series changes in the
distribution and composition of habitats (channel units) were examined in the downstream section of
the dam before and after the dam removal. Second, time series changes in the physical environments
and fish assemblages at the reach scale were evaluated for the downstream and upstream reaches,
before and after the dam removal. Third, the distribution of the redds of anadromous masu salmon
was investigated before and after the dam removal.

2. Materials and Methods

2.1. Study Streams and Partial Dam Removal

This study was conducted in two small mountain streams—the Ikeshomanai and Toubatsu
Streams, which are on opposite sides of the mainstem of the Churui River, in eastern Hokkaido,
Japan (Figure 1). The watersheds of both these streams were entirely covered with forests and volcanic
rock consisting of green tuff with sandstone and shale. The watershed areas were 15.0 and 22.4 km2,
and the wetted channel widths were approximately 6.0 and 10.0 m in the Ikeshomanai and Toubatsu
Streams, respectively. The riverbed gradient of the lower sections of both streams, including the
study sites, was 1.0–2.0%. The channel type of these streams was identified as “plane-bed” and
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“pool-riffle” [21]. There were no artificial constructions on the Toubatsu Stream, whereas a check
dam was constructed on the Ikeshomanai Stream (48 m wide and 4 m high), and it was located 1 km
upstream from the confluence of the Churui River (Figure 1). This check dam was constructed in 1969
to conserve the forests on mountain slopes by preventing riverbed degradation and landslides.
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Figure 1. The location of the study streams and allocation of the study sections for the different surveys.

However, the check dam caused two visible ecological problems: prevention of the upstream
migration of fish and downstream habitat homogenization with a bedrock outcrop due to the limited
sediment supply. In our study region, almost all females of masu salmon migrate to the ocean after
one year of living in the stream [22]. When these adult females returned from the ocean and could not
migrate beyond the dam, the masu salmon population disappeared above the dam. Thus, before dam
removal in the Ikeshomanai Stream, masu salmon were absent in the upstream section of the check dam.

The check dam in the Ikeshomanai Stream was partially, but extensively, removed in the shape
of an inverse trapezoid in February 2009 (Figure 2). Before the removal, the check dam was filled
with sediment. The dam was opened at a portion slightly toward the left of the center of the dam to
maintain the stability of the upstream right bank (mountain slope). The bottom of the removed part
of the dam was 4 m wide and had the same elevation as the downstream riverbed. Thus, the partial
dam removal enabled the upstream migration of fish for the first time in four decades and led to
dynamic geomorphic changes in the upstream and downstream sections of the dam. In addition,
impounded sediments were eroded after the dam removal in a process similar to the one reported by
Collins et al. [23] (Figure A1); the erosion ultimately reached more than 300 m upstream. The eroded
sediments removed from the dam changed the morphology of the downstream channel; for example,
a natural small step (>1.5 m high) located 250 m downstream from the dam was completely buried
following dam removal, although it subsequently reappeared (Figures 1 and A2).
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Figure 2. The check dam before (a) and after (b) the partial dam removal implemented in February 2009.

The flow discharge was not continuously observed in the study streams. As a reference for the
fluctuation in the flow discharge, we used the daily precipitation reported at the nearest precipitation
station (Itokushibetsu station), located 4.6 km east of the study streams (Figure 3). Based on
measurements on transects in the reach-scale survey (also see below), the discharge at base flow
conditions was 0.58–0.97 m3/s. The peak discharge of flooding on 23 June 2009 was approximately
estimated at >48.5 m3/s based on the precipitation and flood evidence.
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Figure 3. Daily precipitation observed at the Itokushibetsu station from 1 January 2005 to 31 December
2014. The solid arrow denotes when the dam was partially removed (February 2009). The open arrows
denote the surveys for channel unit structures. The thin arrows indicate the reach-scale surveys for
fish assemblages and physical environments. Dates with high precipitation (over 100 mm/day) are
also shown.
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2.2. Study Design

The effect of dam removal on the fish habitats in the downstream section of the dam was evaluated
based on the following two assessments. First, the seasonal habitat preferences of all fish species in
the study streams were assessed at the channel-unit scale (a spatial scale with c. 100 channel widths).
From this assessment, we investigated the critical and noncritical habitats for fish assemblages in our
study streams. Second, spatiotemporal changes in the channel unit structure in the Ikeshomanai Stream
were assessed before (2008) and after dam removal (2010 and 2014). In 2008, the channel unit structure
was also assessed for the Toubatsu Stream, wherein no check dams were constructed. We considered
this as a habitat reference for the study.

To evaluate the biophysical responses to dam removal, temporal changes in the physical
environments and fish assemblages were assessed in the downstream and upstream reaches of
the dam in the Ikeshomanai Stream before (2005 and 2008) and after dam removal (2010 and 2014).
This assessment was performed at the reach scale (a spatial scale with c. 101 channel widths). Prior to
dam removal, the physical environments and fish assemblages were different between the downstream
and upstream reaches: there were distinct bedrock outcrops in the downstream reaches and an
absence of masu salmon in the upstream reaches. We predicted that dam removal would recover the
sediment transportation and fish migration between the downstream and upstream sections of the dam;
thus, we examined whether the physical environments and fish assemblages increased in similarity
between the downstream and upstream reaches following dam removal. This examination allows
us to understand the biophysical responses to dam removal without concerns regarding the annual
variability of fish populations and environmental conditions as those factors should equivalently
affect both the downstream and upstream reaches. No control sites with similar hydrogeomorphic
characteristics to Ikeshomanai Stream were found in neighboring tributaries. Here, the Toubatsu
Stream was not regarded as a control site due to differences in the catchment area and channel width.
Instead, we focused on Ikeshomanai Stream for a time series analysis of the biophysical responses
associated with dam removal.

To verify the recovery of the upstream migration of spawning masu salmon, the distribution of
masu salmon redds was investigated in the Ikeshomanai Stream before (2008) and after (2010) dam
removal and in the Toubatsu Stream in 2008.

2.3. Fish Survey at a Channel Unit Scale

Based on our preliminary survey and existing classification system of the channel units [24],
five habitat types were identified in the study streams: pools, rapids, bedrock, riffles, and side channels.
A pool was a deep channel unit with a slow current velocity (45.2 cm in mean depth and 28.6 cm/sec in
mean current velocity); a rapid was a steep channel unit with swift and turbulent flows (24.2 cm and
69.3 cm/s); a bedrock was a channel unit that outcropped broadly (19.7 cm and 54.4 cm/s); a riffle was a
channel unit with swift and shallow waters (20.4 cm and 38.9 cm/s) with a lower gradient (<3% in
general) than that of the rapid; a side channel was a small channel (10.1 cm, 4.4 cm/s, and 1.9 m in
mean width) connected to the main channel at its uppermost and/or lowermost ends and was generally
formed in association with gravel bars.

The fish sampling was performed using a backpack electrofishing unit (Model 12, Smith-Root
Inc., Vancouver, WA, USA) during 7–11 June (spring, water temperature = 8.7–14.5 ◦C), 11–14 August
(summer, 13.1–17.4 ◦C), and 25–28 November (winter, 0–2.3 ◦C), 2008. A total of 10–14 channel units
were collected for each habitat type during each sampling season. The sampling units were set in a
1.1-km section from the confluence of the Churui River in each of the study streams (Figure 1). In the
Ikeshomanai Stream, the section for the fish survey nearly corresponded to the entire downstream
section of the check dam. The electrofishing survey was conducted by a three-person crew: two people
used dip nets and large D-shaped nets (1.0 m width, 0.8 m height, and 1.1 m depth), and the third
used an electrofishing unit and a dip net. The number of fish in each sampling unit was estimated
by single-pass electrofishing, and this was used to calculate the fish abundance (N/m2) in each of
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the habitats. After sampling the fish, three widths and a midline length of each sampling unit
were measured to calculate the area. The widths were measured on three equally spaced transects
perpendicular to the stream flow.

Three fish species were observed: masu salmon, Salvelinus malma (Dolly Varden), and Noemacheilus
barbatulus toni (Siberian stone loach). Small individuals of salmonids prefer habitats with a slow
current velocity, and the habitat use shifts when they grow older [25,26]. Therefore, we classified
masu salmon and Dolly Varden based on the size distributions, obtained our data and counted the
number of individuals. The size classes were, MS–S: small-sized (≤60 mm in folk length) masu salmon,
MS–L: large-sized (>60 mm in folk length) masu salmon, DV–S: small-sized (≤65 mm in folk length)
Dolly Varden, and DV–L: large-sized (>65 mm in folk length) Dolly Varden. The number of Siberian
stone loach (SL) was counted without size classification because there was no information regarding
habitat use for different size classes.

Most MS-S and DV–S are the young-of-the-year (YOY) because these species emerge from the
spawning bed during early spring and commonly grow to >65 mm until the winter of the year [27].
Most MS–L and DV–L observed in the spring are one year old and older, whereas in summer and
winter, the grown YOY are also included in these classes.

2.4. Survey of Channel Unit Structures

The distribution and composition of channel units were investigated in the Ikeshomanai Stream
through the pre- (2008) and post-dam-removal (2010 and 2014) periods, and in the Toubatsu Stream in
2008 (Figures 1 and 3). On 17 May 2008, the survey was conducted in a 500-m section (D1) immediately
downstream from the dam in the Ikeshomanai Stream and in a 600-m section in the Toubatsu Stream.
On 30 August 2010 and 3 September 2014, an entire downstream section (D1 and D2) of the dam was
investigated in the Ikeshomanai Stream. D2 was a downstream section of D1 and connected with the
Churui River.

The distribution of the channel units was detected using the differential global positioning system
(DGPS). The investigator with the DGPS walked along the midchannel of the stream and side channels
and obtained the line data. The investigator determined the habitat type and stored this information
with the line data; therefore, the line data consisted of habitat types. The lengths of each habitat were
measured in ArcMap (ArcEditor ver. 10.0; Esri Co., Redlands, CA, USA) and were used to determine
the composition of habitat types.

2.5. Survey of Biophysical Responses at a Reach Scale

The physical environments and fish assemblages were investigated in six reaches (each 50 m
long) set in each of the downstream and upstream sections of the dam in the Ikeshomanai Stream
before (2005 and 2008) and after (2010 and 2014) dam removal (Figures 1 and 3). These surveys were
conducted in late July to late August in each study year. The downstream reaches were allocated at c.
40 m intervals in a 500 m section (D1) downstream from the dam. The upstream reaches were allocated
at c. 40 m intervals in a 500 m section (US), 500 m away from the dam, where the dam had not directly
affected the geomorphic features.

An electrofishing survey for each study reach was performed in the above-mentioned method,
and the number of individuals of each of three fish species was counted without size classification and
was used to calculate the fish abundance (N/m2). After sampling the fish, the physical environments
(current velocity, depth, substrate size, and channel width) were measured in each study reach.
Twenty transects perpendicular to the stream flow were established at 2.5-m intervals in each study
reach. Each transect had five measurement points at the same intervals (100 measurement points in total
in each study reach). These transects were numbered upward in an ascending order (transect number
1–20). The current velocity and depth were measured at measurement points on odd-numbered
transects (50 measurements in total). The current velocity was measured at a 60% depth with a portable
current meter (Flow-MATE Model 2000; Marsh-McBirney Inc., Frederick, MD, USA). The substrate
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size was measured at measurement points on all transects (100 measurements in total) and was
used to calculate the proportion of substrate types: bedrock, sand (<2 mm), gravel (2–16 mm),
pebble (>16–64 mm), cobble (>64–256 mm), and boulder (>256 mm). The wetted channel width was
also measured at all transects and used to calculate the area of the study reach and fish abundance
(N/m2).

2.6. Survey of Masu Salmon Redd Distribution

The distribution of masu salmon redds was investigated in the Ikeshomanai Stream before (2008)
and after (2010) dam removal, and in the Toubatsu Stream in 2008 (Figure 1). A redd was easily
identified as a set of a mound and a pit >100 cm in length in total, which was constructed by spawning
behavior. These surveys were conducted in late September in each year. In 2008, the redds were
searched in the same sections as those in the survey for the channel unit structure in both streams.
In 2010, the survey section in the Ikeshomanai Stream was extended to a 2.4-km section from the
confluence to the Churui River. In the uppermost part of the section, there was a natural fall preventing
the upstream migration of spawning masu salmon. The investigator walked along the survey sections
and recorded the locations of the masu salmon redds using DGPS.

2.7. Data Analyses

To estimate the relative preferences for the five habitat types by each fish group (MS-S, MS-L,
DV-S, DV-L, and SL) in each season (spring, summer, and winter), Manly’s α, also known as Chesson’s
selectivity index [28,29], was used.

αi =
ri/ni∑m

i=1 ri/ni
, i = 1, 2, . . . , m

where αi is the preference value for an i-th habitat type (of m types), ri is the mean fish abundance
(N/m2) in the i-th habitat type, and ni is the proportion of the i-th habitat type in all sampling units.
The proportions of the habitat types were calculated based on the channel unit lengths. The value of αi
ranges from 0 to 1. In general, a value of αi > 1/m (here, 1/5 = 0.2) indicates a relative preference and a
value of αi < 1/m indicates a relative avoidance.

Principal component analysis (PCA) was performed using nine environmental variables (channel
width, current velocity, depth, and the proportions of each of the six substrate types) to examine the
temporal changes in the physical environments in the downstream and upstream reaches of the dam
through the pre- (2005 and 2008) and post-dam-removal (2010 and 2014) periods. Forty-eight samples
(12 reaches × 4 years) were used for PCA. Prior to performing PCA, all environmental variables were
standardized to have a mean of 0 and a standard deviation of 1.

Nonmetric multidimensional scaling (NMS) was conducted using the fish abundance (masu
salmon, Dolly Varden, and Siberian stone loach) to examine the temporal changes in the composition
of fish assemblages in the downstream and upstream reaches of the dam pre- (2005 and 2008) and
post-dam-removal (2010 and 2014). NMS is a nonparametric ordination technique and is one of the
most robust methods used for exploring biological community data [30]. NMS was performed using R
(ver. 3.6.1) [31] and the vegan package (metaMDS function) [32]. We used the Bray–Curtis distance
measure. A total of 48 samples (12 reaches × 4 years) were used in the analysis.
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The Wilcoxon rank sum test was performed to detect the differences in fish abundance (masu
salmon, Dolly Varden, and Siberian stone loach) between the downstream and upstream reaches of the
dam in each survey year (2005, 2008, 2010, and 2014) with a significance level of 0.05.

3. Results

3.1. Habitat Preference of Fish at a Channel Unit Scale

The MS–S consistently showed a strong preference for the side channel throughout all seasons
and a moderate preference for the pools in summer and winter (Figure 4). The MS–L showed a strong
preference for the pools throughout all seasons and moderate preference to the rapids in summer and
for the side channels in winter. The DV–S consistently preferred the side channels throughout all
seasons, with distinct preferences in spring, and they preferred the pools only in winter. Throughout
all seasons, the DV–L showed a preference for the pools and the rapids. The SL shifted their habitat
preference seasonally: a moderate preference for the rapids and the side channels in spring and a
strong preference for the rapids in summer and for the pools in winter. Although bedrock and riffle
were used by a few fish of masu salmon and Dolly Varden in summer, no distinct preferences were
observed. The Siberian stone loach also did not prefer the bedrock and the riffle throughout all seasons.
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survey. MS–S: small-sized (≤60 mm) masu salmon, MS–L: large-sized (>60 mm) masu salmon,
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standard deviation. Numbers above the bars denote Manly’s α (selectivity index) >0.2, indicating a
relative preference.
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3.2. Spatiotemporal Changes in Channel Unit Structures

In the Ikeshomanai Stream, the bedrock occupied 48.2% of D1 in 2008 before dam removal,
whereas in the Toubatsu Stream, the bedrock occupied only 4.1% of the study section (Figure 5). In the
Toubatsu Stream, the side channel occupied a large proportion (44.4%) and other habitats (riffle, pool,
and rapid) showed balanced composition with longitudinally repeated structures.Water 2020, 12, x FOR PEER REVIEW 9 of 20 
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Figure 5. Spatiotemporal changes in the habitat distribution in the downstream section (D1 and D2) of
the dam in the Ikeshomanai Stream before (2008) and after (2010 and 2014) dam removal (February
2009). The habitat distribution in the Toubatsu Stream, 2008 is also shown as reference. The numeric
characters denote the percentage of habitat types in each study section in each year.

In 2010 (1.5 years after dam removal), the proportion of bedrock in D1 dramatically decreased
(7.7%, Figure 5). Instead, the proportion of side channels, pools, and rapids increased, and those
repeated sequence structures were recovered to a state similar to that of the Toubatsu Stream. A small
step, presented in D1, was mostly buried with sediments (Figure A2). Similar habitat structures were
also found in D2.

In 2014 (5.5 years after dam removal), in D1, the bedrock increased again, and the side channel
decreased by a similar proportion before the dam removal (2008) (Figure 5). In addition, the habitat
structures were apparently simplified in D1, with long riffle and bedrock (Figure 5). Then, a small step,
which was buried in 2010, appeared again (Figure A2). In contrast, the side channel increased in D2,
although the bedrock also increased in comparison with 2010.
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3.3. Temporal Changes in Physical Environments and Fish Assemblages at a Reach Scale

The first axis (PC 1) explained 31.0%, and the second axis (PC 2) explained 19.9% of the
variance (Figure 6). PC 1 was positively correlated with the proportion of cobble, and PC 2 was
negatively correlated with the proportion of bedrock (Figure 6). From 2005 to 2008, before the dam
removal, physical environments in both the downstream and upstream reaches of the dam changed
similarly, with a decrease in pebble and slight increases in cobble and bedrock (Table 1, Figure 6).
However, these plots in the diagram of PCA ordination were away from each other, and the bedrock
was distinctly higher in the downstream reach; this indicated that the physical characteristics were
clearly different between the downstream and upstream reaches (Table 1, Figure 6). In 2010 (1.5 years
after dam removal), the downstream reach had a lower proportion of bedrock and a higher proportion
of cobble (Table 1), and the plot was placed closer to that of the upstream reach (Figure 6). In 2014,
(5.5 years after dam removal), the proportion of bedrock increased slightly in the upstream reach
(Table 1), and the plot moved down in the diagram (Figure 6). Then, the plot of the downstream reach
moved away from that of the upstream reach (Figure 6), with a decrease in cobble (Table 1).Water 2020, 12, x FOR PEER REVIEW 10 of 20 
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Figure 6. The principal component analysis (PCA) ordination of physical environments showing the
temporal changes in the downstream (circle) and upstream reaches (square) of the dam. Open and
solid plots indicate before and after the dam removal, respectively, and they express the means with ±1
standard errors for each axis. Numeric characters denote the survey years. The percent of variances
and factor loadings (>0.5 and <−0.5) of influential variables for each principal component (PC) are
also shown.

A two-axis solution produced a satisfactory NMS ordination (final stress = 0.09) of the compositions
of fish assemblages at our study reaches, with clear differentiation in the fish assemblage along the
gradient of axis 1 values (Figure 7). From 2005 to 2008, before the dam removal, fish assemblages
in both the downstream and upstream reaches changed similarly (Figure 7) with increases in the
abundance of masu salmon and/or Dolly Varden (Figure 8). However, because masu salmon was
absent in the upstream reaches before dam removal (Figure 8), the fish assemblages were distinctly
different between the downstream and upstream reaches (Figure 7). In 2010 (1.5 years after dam
removal), although the fish assemblage in the downstream reach did not change, that in the upstream
reach changed dramatically and was closer to that in the downstream reach (Figure 7), owing to the
appearance of masu salmon in the upstream reach (Figure 8). From 2010 to 2014, the fish assemblages
in both reaches changed (Figure 7): masu salmon and Dolly Varden decreased in the downstream reach,
and Dolly Varden and Siberian stone loach decreased in the upstream reach (Figure 8). The abundance
of masu salmon and Siberian stone loach were not statistically different between the downstream
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and upstream reaches in 2014; however, the abundance of Dolly Varden continued to be higher in the
upstream reach compared with in the downstream reach throughout the study years (Figure 8).
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1 standard errors for each axis. Numeric characters denote the survey years. Species are denoted by
cross-marks with abbreviations: MS, masu salmon; DV, Dolly Varden; and SL, Siberian stone loach.
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Figure 8. Temporal changes in the fish abundance (N/m2) in the downstream (gray bar) and upstream
(black bar) reaches of the dam pre- (2005 and 2008) and post-dam-removal (2010 and 2014). Asterisks
above the bars indicate significant differences between the downstream and upstream reaches (* p <

0.05).
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Table 1. Physical environments (mean ± standard deviation) in the downstream (down) and upstream (up) reaches of the dam in the Ikeshomanai Stream before (2005
and 2008) and after (2010 and 2014) dam removal.

Reach Year Channel width (m) Depth (cm) Current Velocity (cm/s) Bedrock (%) Sand (%) Gravel (%) Pebble (%) Cobble (%) Boulder (%)

Downstream 2005 8.1 ± 0.9 19.2 ± 3.0 47.7 ± 7.3 37.0 ± 20.7 1.0 ± 1.7 3.7 ± 2.3 33.0 ± 21.6 21.7 ± 17.9 3.7 ± 4.5
2008 7.2 ± 1.4 22.1 ± 1.9 50.6 ± 9.5 45.8 ± 24.8 0.5 ± 0.8 0.8 ± 0.8 16.2 ± 9.5 31.0 ± 17.7 5.7 ± 5.0
2010 5.3 ± 0.8 21.1 ± 0.9 52.7 ± 6.1 17.3 ± 18.0 0.2 ± 0.4 0.5 ± 0.8 20.0 ± 13.4 59.5 ± 11.6 2.5 ± 3.5
2014 6.6 ± 1.5 26.4 ± 6.2 58.4 ± 6.6 18.7 ± 29.5 1.0 ± 0.9 8.0 ± 11.2 20.7 ± 18.7 44.7 ± 24.7 7.0 ± 4.3

Upstream 2005 6.4 ± 0.7 19.6 ± 1.5 38.7 ± 5.4 6.7 ± 7.4 1.0 ± 1.1 5.3 ± 4.1 40.0 ± 21.1 41.7 ± 19.4 5.3 ± 7.8
2008 6.0 ± 0.7 23.1 ± 2.2 46.9 ± 9.7 7.2 ± 5.7 0.7 ± 0.8 2.5 ± 1.4 15.0 ± 5.6 58.8 ± 8.2 15.8 ± 6.7
2010 4.7 ± 0.5 22.5 ± 5.0 38.6 ± 3.1 4.5 ± 4.5 0.8 ± 1.0 2.2 ± 1.7 9.3 ± 5.4 65.8 ± 11.9 17.3 ± 8.3
2014 5.5 ± 0.9 26.6 ± 4.2 52.4 ± 4.5 9.5 ± 8.3 1.2 ± 1.8 0.8 ± 0.8 10.2 ± 2.6 56.8 ± 12.5 21.5 ± 9.8
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3.4. Spatiotemporal Changes in Distribution of Masu Salmon Redds

The distribution of masu salmon redds in the Ikeshomanai Stream was limited by the dam in 2008
before dam removal, and the number of redds was similar to that in the Toubatsu Stream (Figure 9).
In 2010, after the dam removal, the redd distribution extended upstream beyond the dam. Although
the number of redds in D1 decreased after the dam removal, several redds were formed in the newly
accessible upstream section of the dam.
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Figure 9. Spatiotemporal changes in the distribution of the redds of masu salmon in the Ikeshomanai
Stream before (2008) and after (2010) dam removal (February 2009). The solid circles denote the
locations of the redds. US, D1, and D2 indicate the sections of upstream, immediate downstream,
and further downstream of the dam, respectively. The redd distribution in the Toubatsu Stream, 2008,
is also shown. The italic numeric characters denote the number of the redds in each study section in
each year.

4. Discussion

4.1. Channel Unit as a Fish Habitat

Salmonids showed strong preference to the side channels and pools in all three seasons, indicating
that these habitats are essential for their life histories and function as the growing and winter habitats
in our study streams. The rapids also functioned as a habitat for Dolly Varden during any season.
Dolly Varden, which is mostly a stream-resident type in our study region, become larger than the
stream-dwelling masu salmon at age 0 and age 1. In addition, Dolly Varden have a higher adaptability
to cold water than masu salmon [33]. Therefore, Dolly Varden could dominantly use the rapids,
even though they have fast and turbulent flows. Siberian stone loach preferred the side channels,
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rapids and pools, and shifted their habitats seasonally. Overall, in our study streams, a set of side
channels, pools, and rapids were identified as critical for satisfying the seasonal habitat requirements
of the fish assemblages and maintaining the fish populations.

4.2. Effects of Dam Removal on Channel-Unit (Fish Habitat) Structures

The partial dam removal temporarily decreased the bedrock outcrop and recovered habitat
structures (repeated sequence structures including side channels, pools, and rapids) critical for the fish
assemblage in the study streams. However, the habitat structures were subsequently altered closer to
the pre-removal state and bedrock outcropping was observed again—occurring more distinctly in the
downstream section near the dam (D1). These results indicate that dam removal can be potentially
used to recover fish habitats through sediment supply from the dam; however, the sustainability of the
effect cannot be promised unless additional sediment supply from the upstream is guaranteed.

Sudden dam removal caused more rapid sediment evacuation from the dam compared with
step-by-step removal (“phased dam removal”) [34]. In addition, the sediment evacuation was more
rapid when a smaller dam was removed [35]. The partial dam removal in our study stream was a
sudden removal of a small dam. As shown in the previous studies, rapid and mass sediment evacuation
after the dam removal was also observed in this study, likely resulting from the flood due to high
precipitation on 23 June 2009, four months after the dam removal. The mass sediment evacuation
and subsequent downstream aggradation were observed immediately after the rain on June 23 (our
colleagues’ observation on 30 June 2009, and an engineer’s observation on 8 July 2009).

The first mass sediment supply from the dam reduced the bedrock outcrops in the downstream
section of the dam and resulted in the formation of diverse and repeated habitat structures, including
channel units (pools, rapids, and side channels) critical for the fish assemblages. Downstream mass
sediment accumulation after dam removal extended the active channel width and changed the channel
form from single-thread to multithread channels [16–19]. In our study stream, the increase in the
side channels in the downstream section likely resulted from the formation process of a multithread
channel. The appearance of the repeated habitat structures in the downstream sections indicate the
recovery of the habitat formation process in an alluvial channel associated with the deposition and
scouring of riverbed sediments. Thus, the sediment evacuation from the dam recovered fish habitats
in the downstream section of the dam.

Previous studies on dam removal in low-gradient rivers often observed or predicted the initial
downstream habitat deterioration following dam removal [12,19]. In such rivers, dam removal is
expected to cause downstream mass sediment deposition with rich mud and sand and, thus, bury and
simplify fish habitats, particularly for benthic fish and spawning habitats. In high-gradient small
streams, such as our study stream, the initial habitat deterioration following dam removal was limited,
possibly because fine sediment does not deposit well even in reservoir areas associated with high
stream currents, and/or fine sediment is rapidly transported downstream even if the dam removal
releases mass fine sediments [34].

In D1, 5.5 years after the dam removal (1 September 2014), the bedrock proportion increased,
and the habitat structures were simplified again. The large amount of sediment supplied to the
river channel intermittently moved downstream during each flood and influenced the habitat
structures [36–38]. Therefore, the return of habitat structures toward the pre-removal state would be
caused by the re-transportation of sediments to lower sections including D2. However, in D2, the side
channel increased, likely due to the active channel widening and riverbed aggradation, owing to the
re-transportation of sediments from D1. The bedrock also increased in D2, resulting from the subsequent
channel incision following the channel widening and aggradation [2,18]. The duration of sediment
evacuation after the removal of the smaller dam was relatively shorter [34], although the smaller dam
removal caused more rapid sediment evacuation [35]. When the sediment re-transportation exposed
the bedrock, transferable sediments in the upstream sections of the dam were already scarce.
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Once bedrock appears in high-gradient mountain streams, it can be difficult to retain sediments
transported from upstream reaches due to low riverbed roughness. However, when a large amount
of sediment is produced by mass movement, such as landslides and debris flows, the bedrock may
be covered by sediments again, and the alluvial channel form may be maintained for a longer term.
Partial, but extensive, dam removal ensures sediment movement, which maintains such long-term
habitat dynamics. Further long-term monitoring of our study stream and other streams is necessary
for the proactive planning of future dam removal projects.

4.3. Biophysical Responses to Dam Removal

Similar to the changes in the channel unit structures after dam removal, the physical environments
in the downstream reaches (within D1) distinctly changed and became similar to those of the upstream
reaches in 2010; however, in 2014, the physical environments returned slightly to the pre-removal state.
These results, based on the reach-scale observations, also indicated the downstream re-transportation
of sediments, including cobble, and the decrease in transferable sediments in the dam and the upstream
sections in 2014.

The dam removal resolved the enforced retention of spawning masu salmon below the dam
and extended the accessible area of spawning masu salmon to the original range prior to the dam’s
construction. Consequently, masu salmon could promptly recolonize the upstream section of the
dam, as also reported by previous studies on other anadromous fish [39–42]. The recovery of
longitudinal connectivity for anadromous fish could be a strongly promised success in dam removal
projects. Thereby, the fish assemblage composition in the upstream section became similar to that
in the downstream section after the dam removal. However, the fish assemblage compositions in
2014 were slightly different between the downstream and upstream reaches. The main factor of the
difference could be the difference in the Dolly Varden abundance between these reaches. Dolly Varden
were distributed in the upper part of mountain streams more than any other salmonid species in
Hokkaido [33]. Therefore, the upstream-leaning distribution of Dolly Varden could remain stable even
after dam removal.

The gradual decreases in abundance of Dolly Varden and Siberian stone loach in the upstream
reach from 2008 to 2014 may be attributed to the continuing indirect effects of dam removal in 2009.
One of the possible indirect effects could be the interspecific competition for food resources following
the recolonization of masu salmon. Dolly Varden shifted their foraging behavior from drift to benthos
foraging when it was difficult to obtain drifting prey, which was caused by interspecific competition [43].
In addition, Dolly Varden were distributed near the stream bottom and predominantly fed on benthos in
the stream with other sympatric salmonids, including masu salmon [44]. Therefore, the recolonization
of masu salmon in the upstream reach of the dam may increase the reliance of Dolly Varden on
benthos. Subsequently, Dolly Varden may compete against Siberian stone loach, which exclusively
fed on benthos before the recolonization of masu salmon, and thus, the abundance of both species
might decrease. Another possible effect could be the loss of refuge habitats. Prior to dam removal,
the dam was filled with sediment, and thus the low-gradient section stretched more than 300 m
above the dam. The low-gradient section could have relatively moderate currents even during floods
and might function as refuge habitats for both species. The low-gradient section disappeared with
sediment erosion following the dam removal (change in riverbed gradient, c. 0.6% to 3.0%), and thus
the abundance of both species might decrease. In addition, changes in the benthos (prey) abundance
after dam removal might also affect the fish abundances. Future studies on these possible effects would
be useful for predicting the responses of fish assemblages to dam removal.

The recovery of the distribution range of anadromous fish and the decrease in the abundance of
other fish may indicate a return to the fish assemblage structure from prior to the dam’s construction.
The dam removal led to an unexpected ecological trade-off in a stream ecosystem that had adjusted
to new conditions following the dam construction [45]. This suggests the need to be careful in
implementing dam removal, otherwise, dam removal may have undesired consequences for stream
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ecosystems. The downstream and upstream reaches of the dam begin to geomorphologically adjust
toward a new dynamic equilibrium condition after dam removal, and the biological responses also
change in the adjustment process [14,34]. The present study successfully captured the long-term effects
of dam removal on the biophysical conditions; however, the sampling frequency and data from the
reference sites were limited. Further studies are needed to understand the comprehensive ecological
effect of dam removals.
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Figure A1. Upstream view from the check dam before (16 May 2008) and after (3 June 2009
–31 August 2014) dam removal (February 2009). Before the removal, the check dam was filled with
sediment. After the removal, the impounded sediment was eroded: initially, a narrow channel incised
the impounded sediments, and then channel widening proceeded.
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sediments buried the step moved downstream during the 10 months between these observations.
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