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Abstract: Dam removal is typically intended for river restoration or as a countermeasure for aging
dams. The influence of dam removal has mainly been studied in large rivers. This study is intended
to investigate the influence of the sediment supplied after opening a check dam drain in a small
steep stream to contribute to the establishment of sediment release technology form check dam by
accumulating the basic knowledge about the influence of sediment release. Deposited sediment
in the impoundment was rapidly discharged immediately after opening the drain outlet, and a
moderate sediment discharge followed. The water course of the sediments deposited by repeated
channel widening and riverbed degradation tended to stop longitudinal topographic changes from
downstream. In addition, the turbidity during a flood was high in the first year and tended to
decrease in the second year. As for the ecosystem response, changes in the benthic macroinvertebrate
community were confirmed in downstream sites, and net-spinning species especially deceased
immediately after the sediment supply began. Our monitoring results suggest that the increasing
turbidity was suppressed during the flood because sediment release was conducted from the
small-scale facility. As a result, a negative impact on the aquatic ecosystem seemed to be reduced.

Keywords: sediment release; geomorphic change; channel evolution; turbidity; ecological response

1. Introduction

Changes in the natural flow regime or sediment dynamics after the construction of dams and
weirs tend to degrade ecological integrity, cause problems with water utilization, and maintenance
of river administration facilities [1,2]. To achieve comprehensive management of a sediment flow
system, the whole region of sediment mobilization from the headwater to coast can be monitored [3,4].
Recently, the construction of dry dams or open check dams for replenishment of sediment have been
applied to enhance the integrity of sediment dynamics in Japan.
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On the other hand, dams have been removed for the sake of river restoration or as a
countermeasure for aging dams mainly in the United States [5,6]. Since 1915, 1181 small dams
have been removed (1110 of these were lower than 10 m), of which 83% have been removed since
1996 [7]. Monitoring after dam removal includes the erosion process of deposited sediments, channel
processes, ecological response, and changes in water quality. The erosion of deposited sediment
in the impoundment is known to be determined by the size of deposited grains and the method
by which the dam is breached [8–10]. Rapid erosion of deposited sediment occurs when a dam is
breached rapidly, and the reservoir sediment is coarse and unconsolidated [11–13]. The large amount of
sediment coming from the impoundment following dam removal leads to aggradation of the riverbed,
widening of the river channel, decrease in the grain size, filling of pools, or braiding, and flattening
of the channel [10,14–16]. To monitor the ecological response, fish assemblages, macroinvertebrate
communities, and riparian vegetation are frequently measured. Species richness and density of
macroinvertebrates have been observed to decrease temporarily and then recover gradually with
increasing diversity over a long term [17–20]. Upstream movement of fish such as Salmoniformes
or anadromous species has been observed after dam removal [21,22]. Although some studies have
reported increasing fish diversity, no direct connection between species diversity of fish and dam
removal has been observed, suggesting the need for long-term monitoring [23–25].

The first large-dam removal in Japan was conducted from 2012–2018, and removed the Arase
dam in the Kuma River. Following this project, monitoring included geomorphic changes of deposited
sediment or downstream channels [26,27], sediment transport characteristics [28], and ecological
responses [29]. On the other hand, sediment replenishment downstream of dams is being conducted in
different parts of the country, including the investigation of geomorphic change to channels [30–32] and
the responses of fish, macroinvertebrates, and algal biomass [33–37]. Further, the sediment transport
characteristics of dry dams [38,39], or the comparison of macroinvertebrate fauna of a dry dam and
dams with reservoirs have been conducted [40]. Fundamental research about how changes to the
sediment flow system affect river morphology or ecological responses is gradually being accumulated.

These evaluations of the effect of sediment release after dam removal or sediment flashing facilities
have focused mainly on large rivers. However, in large rivers, factors such as the massive sediment
supply from tributaries due to landslides or changing land use in the downstream basin all influence
sediment transport, so the effects of the sediment release site are difficult to isolate [41].

We monitored the sediment release in a small watershed where sediment release sites account for
40% of the whole watershed. Therefore, changes in the sediment dynamics occurring downstream
can be assumed to be related to sediment release. In addition, we can monitor the effects of sediment
release from the headwater to the river mouth since the river is small. Further, the deposited sediment
was released from a small-scale facility with a 1-m-square orifice, so the behavior of the deposited
sediment and water quality should differ from that observed in previous studies of dam removal
or sediment replenishment. Whereas, check dams have been installed in small rivers nationwide
causing the subject of decreasing sediment storage capacity due to sediment deposition. The purpose
of this study is to contribute to the establishment of sediment release technology form check dam
by accumulating the basic knowledge about the influence of sediment release to the water quality,
deposited sediment in the impoundment, or downstream aquatic ecosystem. This paper describes
the results of monitoring the behavior of deposited sediment in the impoundment, changes to water
quality during a flood, and the biological responses after sediment release from a check dam with
30 years’ worth of deposited sediment.

2. Methodology

2.1. Site Location

We conducted monitoring of the sediment supply in the Kamo River (watershed area: 7 km2,
length of flow channel: 6 km, Figure 1). The Kamo River originates in granitic mountains, with high
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active sediment production. The river channel is short and steep, presenting transverse ribs 0.5 km
from the river mouth and a step-pool structure at the upper reach from 0.5 km with a riverbed slope of
1/15. The riverbed slope is steeper after 2.0 km with a step-pool structure and large falls. The check
dam that supplied sediment is located upstream of this high-gradient segment. The upper reach of the
check dam presents an amphitheater formation with a riverbed slope of 1/100 (Figure 2). The check
dam was constructed in 1981 at the height of 9 m. Sediment deposition began in the upper area of
the check dam because of the impoundment of the check dam. A 1-m-square drainage outlet with a
hydraulic gate was installed under the spillway section. However, the hydraulic gate structure failed
30 years ago, and sediment deposition has become advanced. In collaboration with local residents
wanting to restore water quality and the river environment, we opened the check dam drain outlet.
After water discharge from the impoundment, the check dam drain outlet was opened on 4 March 2017.
A water route formed in the deposited sediment in the impoundment, and the deposited sediment
began to flow downstream of the check dam.

Figure 1. Location map showing the Kamo River investigated in this study.

Figure 2. Longitudinal profile of the Kamo River.

2.2. Geomorphic Changes of Deposited Sediment

We conducted a topographic survey to evaluate geomorphic changes in the deposited sediment
in the impoundment. This survey involved sectional and longitudinal surveys of the water course
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at all stations before opening the check dam drain outlet (16 June 2016) and a sounding survey at
125 points after opening the check dam drain outlet (14 March, 19 June, 14 July and 19 November 2017,
27 March and 19 July 2018 and 22 February 2019). Further, we collected airborne imagery using a
UAV (Unmanned Aerial Vehicle; Da-Jiang Innovations Science and Technology Co., Ltd., Phantom
3, Shenzhen, China) flying 30 m above the river on 14 March and 8 June 2017, 12 December and
30 March 2018, and 20 February 2019. DEM (Digital Elevation Model) and orthographic satellite
images were created using the SfM (Structure from Motion) analysis with the PhotoScan Professional
software (Agisoft Co., Ltd., St. Petersburg, Russia). The elevation of some areas could not be estimated
due to plant growth without erosion, so we used DEM data collected before plant growth after
confirming the absence of erosion.

2.3. Characteristics of Sediment Transport

To evaluate sediment runoff and the characteristics of sediment transport from the check dam
impoundment, we collected water samples during floods with continuous observations using a
turbidimeter. A turbidimeter (JFE Advantech CO., Ltd., Nishinomiya, Japan) and water gauge
(Onset Cmputer Corporation, Borne, MA, USA) were installed at St. A (Figure 2). Further, we measured
the suspended solid concentration during the flood stage from water samples. Continuous turbidity
observations were transformed to suspended solid concentrations using a regression equation.
Suspended solid concentration measurements followed the method in JIS (Japanese Industrial
Standard) K0102 14.1 [42].

2.4. Sampling of Aquatic Community

To evaluate the effects of sediment supplied from the check dam, we captured benthic
invertebrates from the Kamo River. We installed eight investigation stations including a reference
site located upstream of the check dam (Figures 1 and 2). We selected a 50 m reach and captured
invertebrate species in rapids, runs and pools each investigation site. We collected invertebrates over
30 min working with four people using surber nets so that the sampling was consistent across surveys
(net length 0.51 m, mesh size 0.3 mm). The sampled invertebrates were preserved in 80% ethanol in
the field and were identified later by Plantbio Co., Ltd. Macroinvertebrates were sampled in seven
seasons during two years.

Fish were sampled in the same reach as the benthic invertebrate survey. All the fish were
collected in a single pass with the Smith-Root LR-24 backpack electrofisher (Smith-Root Inc., Vancouver,
WA, USA) and a fish landing net. The sampled fish were identified in the field and released at the
captured investigation site. Fish were sampled in six seasons over two years.

2.5. Statistical Analysis

To evaluate the sediment supplied from the check dam, we analyzed the benthic macroinvertebrate
and fish fauna at each station using NMDS (Non-Metric Multi-Dimensional Scaling) [43]. In addition,
the similarity of benthic macroinvertebrates and fish fauna were calculated with the Bray–Curtis
similarity index [44]. Further, to evaluate seasonal changes in species diversity, we calculated the
Shannon–Wiener diversity index [45].

3. Results and Discussion

3.1. Runoff of Deposited Sediment and Topographic Changes

As revealed by SfM analysis of the aerial photographs collected by UAV, the largest topographic
change occurred immediately after the beginning of the sediment supply and was concentrated around
the vicinity of the drain outlet (Figure 3). After several floods, the ground level mainly declined
around the water course. On 8 June 2017, ground level degradation reached cross section 2. After the
flood season, no significant change in the topography occurred in autumn or winter. Ground level
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degradation progressed again during flood season of the second year, and degradation reached
cross section 3. Further, the water course had meandered near cross section 3, suggesting a large
topographic change.

Figure 3. Topographic change on different months of deposited sediment in the impoundment of the
Manago check dam.

In addition, the longitudinal formation of the water course declined significantly immediately after
the drain outlet was opened (Figure 4). Further, the longitudinal profile was characterized by sudden
change of the gradient accompanied by steps due to the resistance from rootstock. The riverbed
elevation had degraded by the discharge of deposits in the upper reach of the steps since the
steps collapsed during the flood. The topographic change in the longitudinal direction indicated
that degradation near the drain outlet immediately after it was opened spread to the upper reach,
which restricted erosion from downstream. Since the ground elevation did not change significantly
except for around the water course from June 2017 to February 2019 (Figure 3), most of the sediment
discharge was likely accompanied by riverbed degradation. On the other hand, the cross-section
profile of TS 1, located furthest downstream, was degraded and had widened immediately after the
drain outlet was opened. However, no significant change was observed after 4 March 2017. At TS 2 to
4, the cross-section profile changed with repeated degradation and widening. In contrast, no large
widening occurred and the tendency of erosion prominence was confirmed at TS 5, located at the
most-upstream part of the river (Figure 5).

Figure 4. Time change of longitudinal profile of the water course in the deposited sediment.
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Figure 5. Time change of cross section profile of the water course in the deposited sediment.

The greatest sediment discharge occurred in the 10 days after opening the drain outlet, accounting
for 18.4% of the sediment deposited in the impoundment. After that, moderate sediment discharge
occurred, and 20.3% of the deposited sediment in the impoundment was discharged over the 718 days
after opening the outlet (Figure 6). Relative to the sediment discharge rates measured from other cases
of dam removal, the tendency of sediment discharge is similar in cases in which fine sediment was
observed (composed of over 30% of silt and clay) [8–10]. This effect is expected, since the median
diameter of 20 samples of deposited sediment in the impoundment observed in this study was
0.027 ± 0.019 mm (median ± interquartile range), and the content of silt and clay (particle size < 0.074)
was 77.0 ± 39.5% (median ± interquartile range). In addition, runoff from the deposited sediment has
been observed to be restricted in cases of gradual dam removal [46,47]. In the present study, deposited
sediment was discharged from the relatively small 1-m-square drain outlet, therefore, any sudden
large discharge was avoided.

Figure 6. Percentage of reservoir sediment eroded with time after dam removal. Comparison between
the Manago check dam and other sites of dam removal. Modified from Major et al., 2017 [10]; Sawaske
and Freyberg, 2012 [8]; Grant and Lewis 2015 [9]; Foley et al., 2017 [48].
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As for topographic changes after opening the check dam drain outlet, both widening of the river
channel and riverbed degradation were confirmed in TS 2–4. In hydraulic model experiments aiming
to predict the topographic change after dam removal, the river width narrowed after sudden riverbed
degradation and widened after more gradual riverbed degradation [49]. The channel widening and
riverbed degradation observed in this study may indicate a process of riverbed degradation caused
by sediment discharge after floods and riverbank erosion after the abrupt decrease of roughness
coefficients. In addition, the transport process of deposited sediment can be classified into two stages:
An initial process in which a large amount of cohesive sediment discharges and a later process that
includes sediment discharge due to relatively large floods that exceed the riverbank [13]. Deposited
sediment on the riverbank was not also discharged during normal-level floods at other dam removal
sites [50,51]. Our results indicate that no large amount of deposited sediment on the riverbank was
discharged, which means that a large flood may be needed to transport these sediments.

We assumed that the released sediment flows to the estuaries without deposition in the river
channel since the Kamo River is steep gradient. However, the released sediment deposited in the
river bank or pool especially in the high gradient channel a short distance downstream from the check
dam [41]. In addition, deposited sediment was observed to gradually move downstream. The sediment
deposition in the river channel suggested that the released sediment lead to change the topography of
the river channel or bottom characteristics even in the steep slope channel.

3.2. Characteristics of Sediment Transport

Monitoring water level, flow discharge and turbidity at Station A, located a short distance
upstream from the drain outlet, during 2017 and 2018 is shown in Figure 7. The turbidity values
observed in 2018 were generally lower than the turbidity in 2017 [41], although the maximum flood
discharge was larger than it was in 2017. This difference is explained by the observation that most
of the fine sediment particles that contributed to the increasing turbidity appeared immediately after
the check dam drain outlet was opened in 2017. However, since the turbidity was not recorded with
sufficient accuracy because iron was attached during the observation, this measurement is considered
only as a reference value.

Figure 7. Time change of water level, flow discharge, and turbidity (St. A). (a) Water level (b) turbidity.

The relationship between flow discharge and turbidity in each year is indicated in Figure 8.
The turbidity value for the same flow discharge was larger in 2017 than in 2018, when comparing
the relationship between the peak values of turbidity and flow discharge. The largest flood observed
during the monitoring period occurred in 2018, however, the value of turbidity did not increased much.
In addition, a clockwise loop in the relationship between water level and turbidity was observed during
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the larger floods (Figure 9). During the large flood of 6 July 2017, the value of turbidity decreased
suddenly as the water level increased. This trend was also observed during the flood of 6 July 2018.
The structure of the drain outlet conducting the sediment supply seems to explain this trend. The drain
outlet is 1 m over from the riverbed, so when the water level rises above the drain outlet, the attractive
force decreased because of the backwater, leading to the sudden decrease in turbidity.

Figure 8. Relationship between turbidity and flow discharge (St. A).

Figure 9. Time change of turbidity and flow discharge during flood (St. A). (a) 6 July 2017, (b) 29 June
2018, (c) 6 July 2018.

Next, we discuss the relationship between the suspended solid concentration and the particle size
of transported sediment. Figure 10 shows the change in particle size and suspended solid concentration
over time, during the flood of 24 June 2017. During the period of increasing flow discharge, most of the
transported sediment was silt and the ratio tended to increase along with the increasing concentration
of suspended solids. On the other hand, the proportion of sand increased during the stage of peak flow
discharge when the suspended solid concentration exceeded 1000 mg/L. The ratio of silt increased
again during the period of decreasing flow discharge.
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Figure 10. Mass composition of flushed suspended sediment (St. A, 24 June 2017).

3.3. Seasonal Change of Benthic Macroinvertebrate Assemblage

In total, 12 orders, 60 families, 152 species, and 5283 individual microinvertebrates were collected
in the seven surveys taken at eight sites. Baetis thermicus belonging to Baetidae was the most-collected
species with 1155 individuals, followed by Cincticostella elongatula belonging to Ephemerellidae with
608 individuals. Station seven was associated with the highest number of species in the summer of
2017 and the spring of 2018 (36 species). In addition, the most-downstream station was associated with
the lowest number of species immediately after the beginning of the sediment supply (10 species).

We collected 56 (eight stations in seven seasons) macroinvertebrate samples, which were classified into
four groups and plotted according to the NMDS grade level (Figure 11). This cluster analysis showed that
macroinvertebrate assemblages at the reference site (Station 8) upstream of the check dam were classified
into the different groups of macroinvertebrates located downstream of the check dam. On the other hand,
macroinvertebrate assemblages collected from Stations 4–7 were classified into spring and summer seasons
(Group B) and autumn and winter seasons (Group C), suggesting that the macroinvertebrate species
change seasonally. Macroinvertebrate assemblages at Station 1–3 were mainly classified into Group D,
Group B and Group C, and were composed of macroinvertebrates from Stations 4–7.

Figure 11. NMDS for similarity between stations on benthic macroinvertebrate community in the
Kamo River.
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In the NMDS results, the investigation sites upstream of the check dam (Group A) were located
in the first quadrant, Group B were located in the second quadrant, Group C were located in the
fourth quadrant, and Group D were located in the second and third quadrants. Considering the
results of cluster analysis, the first axis of NMDS indicates changes at the investigation site (positive
direction—upstream, negative direction—downstream), and the second axis of NMDS indicates the
difference in seasons (positive direction—spring and summer, negative direction—autumn and winter).
The macroinvertebrate assemblages collected at Stations 1 and 2 in spring and summer were in the
negative region of the NMDS plot, which originally indicated the macroinvertebrate assemblages
collected in autumn and winter. In addition, the macroinvertebrate assemblages from Stations 1 and
2 collected in autumn and winter of 2018, some time after the beginning of sediment supply, were
classified into Group C which was composed of the macroinvertebrate assemblages from Stations 4–7
in autumn and winter, while the macroinvertebrate assemblages collected from Stations 1 and 2
immediately after beginning of sediment supply were different from those collected from the other
investigation stations.

Figure 12 indicates the change over time of the Shannon–Wiener diversity index from each
station. The diversity index was the lowest in the downstream stations immediately after the sediment
supply began. The diversity index tended to recover with time. In addition, the diversity index
decreased in the survey taken during winter 2018 at all stations. We suppose that this decrease was
caused by annual fluctuations since the diversity index decreased even though this station was not
affected by the sediment supply (Station 8). Comparison of seasonal changes based on the life-type
concept, the abundance of net-spinning species decreased (70%→37%) in the lowest station (1) and
the abundance of burrowers increased (8%→26%) in the second-lowest station (2) between spring
and summer of 2017, when the amount of sediment was highest of all times in the monitoring period.
In addition, comparison of the functional feeding groups indicated increasing populations of filter
feeders (72%→39%) in the lowest stations. This result confirms the change of habitat, such as filling the
pools at the lowest stations with fine sediments. Overall, the macroinvertebrate community structure
was affected by the sediment supply.

Sedimentation of habitats due to the removal of dams has been reported to decrease the density
and taxonomic richness of downstream macroinvertebrates, which subsequently recover [18,20].
In this study, we found that macroinvertebrate species diversity declined immediately after the
beginning of sediment supply and that it recovered after one year (Figure 12). In addition, long-term
monitoring of macroinvertebrate communities has suggested that macroinvertebrate density and
diversity tend to recover after dam removal, especially during seasons in which macroinvertebrate
density is typically lowest [19]. We cannot confirm this trend, and further long-term monitoring will
be necessary to reveal the relationship between sediment supply and macroinvertebrate community
response. Even so, a significant decline in net-spinning species was observed immediately after
the sediment supply. In rivers degraded by decreasing sediment supply after dam construction,
macroinvertebrate fauna tend to be dominated by net-spinning species [52–54]. Therefore, decrease
in the prevalence of net-spinning species and increase in the prevalence of swimmers indicates the
restoration of the integrity of macroinvertebrate fauna following sediment supplied by opening the
check dam drain outlet.
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Figure 12. Time change of Shannon–Wiener diversity index of each stations in the Kamo River
(macroinvertebrate community).

3.4. Seasonal Variation of Fish Fauna

In total, five orders, six families, 18 species, and 3355 individual fish were collected in six surveys
at eight sites. Candidia temminckii belonging to Cyprinidae was the most-collected species with
1366 individuals, followed by rhinogobius fluviatilis belonging to Gobiidae with 471 individuals.
Stations 1 and 2 in the summer and Station 1 in the autumn of 2017 had the highest numbers of
species (10 species). In addition, the numbers of species increased longitudinally from upstream
to downstream.

We collected 48 (eight stations by six seasons) samples of fish fauna which were classified four
groups and plotted using NMDS (Figure 13). Cluster analysis showed that the fish fauna of the
Kamo River can be classified into four groups along the longitudinal direction. Fish collected at
stations located upstream of the check dam that supplied sediment are classified into Group A, unlike
those collected from other stations. On the other hand, Group B is composed of stations located
upstream (6 and 7), Group C is composed of stations located midstream (3, 4 and 5), and Group D was
downstream (1 and 2).

The NMDS analysis showed that the investigation sites upstream of the check dam (Group A)
were located in the fourth quadrant, Group B were located in the first quadrant, Group C were
located in the second and third quadrant, Group D were located in the third quadrant. Considering
the result of cluster analysis, the first axis of NMDS indicates the change of investigation site along
the longitudinal direction (positive direction—upstream, negative direction—downstream), and the
second axis of NMDS indicates the change of seasons (positive direction—spring and summer, negative
direction—autumn and winter). The plotted position of Station 1 in the NMDS grade level changed
with the seasons along the first axis, because the fish fauna at Station 1 varied more than those at other
stations due to the incidental incursion of saltwater fish like mugil cephalus cephalus.
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Figure 13. NMDS for similarity between stations on fish fauna in the Kamo River.

Figure 14 indicates the change over time of the Shannon–Wiener diversity index for the fish at
each station. The index was the highest in the summer and decreased in the autumn and winter; data
from all stations followed this trend. The index was the lowest in the autumn of 2018, but since this
tendency was common to all stations, it likely indicates annual variation. We did not observe that
species composition was affected by sediment supply from opening the check dam drain outlet.

The increased suspended solid concentration following sediment supply greatly affects fish
populations. Hatching and development of fish and molluscan species are known to be influenced
by the suspended solid concentration [55,56]. In addition, the response of fish to increasing
suspended solid concentrations after sediment supply indicate that salmonidae species can survive
in concentrations of suspended solid of about 8000 mg/L for a few days [57]. In this study, the peak
value of suspended solid concentration was about 1200 mg/L, which had no effect on the survival of
fish species. Therefore, no substantial shift in fish fauna was observed. Further, communities of fish in
streams may respond to changes in sediment supply after dam removal if the dam removal is executed
just before the flood season [20]. Therefore, the management of suspended solid concentration and
control of the timing of sediment supply is important in mitigating the impacts of dam alterations.

In this paper, we described the relationship between aquatic organisms and sediment or water
quality because the high concentration of suspended solid was confirmed immediately after the
sediment release. However, community structure will be changed due to the alternation of habitat
physical environment by sediment release in a longer time. We plan to continue monitoring the
relationship between community structure and physical environment of the habitat.
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Figure 14. Time change of Shannon–Wiener diversity index of each stations in the Kamo River (fish
fauna).

4. Conclusions

This study aimed to investigate the influence of sediment supplied by opening a check dam drain
outlet on the topography of deposited sediment, downstream sediment transport, and the response of
aquatic ecosystems. Three main conclusions follow from our observations:

1. Deposited sediment held in the impoundment was discharged rapidly immediately after the
drain outlet was opened, and moderate sediment discharge followed. The introduction of deposited
sediments led to repeated channel widening and riverbed degradation, which tended to prevent
longitudinal topographic changes downstream.

2. Turbidity during floods was high in the first year and tended to decrease in the second year.
The behavior of turbidity downstream of the check dam depended on the structure of the drain outlet,
and the turbidity decreased suddenly when the water level exceeded the height of the drain outlet.

3. Changes in the benthic macroinvertebrate community were confirmed at the downstream sites.
Net-spinning species especially decreased immediately after the sediment supply began. The fish
fauna was not changed by the sediment supply.

4. Our monitoring result suggests that the increasing turbidity was suppressed during the flood
because sediment release was conducted from the small-scale facility. As a result, a negative impact
on the aquatic ecosystem seem to be reduced, whereas, fully sediment release from impoundment
required much more time. Further investigation of the relationship between sediment release structure
and amount of released sediment is required to identify the optimum structure for sediment release.
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