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Sediment bypass tunnels (SBTs) are guiding structures used to reduce sediment accumulation in
reservoirs during high flows by transporting sediments to downstream reaches during operation.
Previous studies monitoring the ecological effects of SBT operations on downstream reaches suggest

a positive influence of SBTs on riverbed sediment conditions and macroinvertebrate communities

based on traditional morphology-based surveys. Morphology-based macroinvertebrate assessments
are costly and time-consuming, and the large number of morphologically cryptic, small-sized

and undescribed species usually results in coarse taxonomic identification. Here, we used DNA
metabarcoding analysis to assess the influence of SBT operations on macroinvertebrates downstream
of SBT outlets by estimating species diversity and pairwise community dissimilarity between upstream
and downstream locations in dam-fragmented rivers with operational SBTs in comparison to dam-
fragmented (i.e., no SBTs) and free-flowing rivers (i.e., no dam). We found that macroinvertebrate
community dissimilarity decreases with increasing operation time and frequency of SBTs. These factors
of SBT operation influence changes in riverbed features, e.g. sediment relations, that subsequently
effect the recovery of downstream macroinvertebrate communities to their respective upstream
communities. Macroinvertebrate abundance using morphologically-identified specimens was positively
correlated to read abundance using metabarcoding. This supports and reinforces the use of quantitative
estimates for diversity analysis with metabarcoding data.

Catchment-based transformations from anthropogenic channel modifications such as reservoir and dam con-
struction alter the physical, chemical and biological structure and function of rivers?. In particular, downstream
changes below reservoirs (dams) in hydrology and sediment regimes directly impact macroinvertebrate assem-
blages®*. Furthermore, dams are physical barriers that obstruct dispersal and migration of stream macroinverte-
brates® and fish®. A sedimentation management strategy for various reservoirs in Japan, Switzerland and Taiwan
involve the use of sediment bypass tunnels (SBTs). SBTs are used primarily to maintain an active storage capacity
of the reservoir, but can also serve to replenish sediment in downstream reaches below dams that are often sed-
iment depleted. Bypass tunnels route sediments around the dam into tail waters, thus reducing sediment accu-
mulation in reservoirs and adding sediment to residual flow reaches below dams’. Enhanced sediment supply
through SBTs can potentially improve sediment conditions of downstream river channels®® and facilitate mac-
roinvertebrate diversity through changes in sediment properties!®. Sediment characteristics of riverbeds such as
size, surface roughness, compactness and suitability are important physical determinants of macroinvertebrate
diversity and distribution'!~!3.
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Some recent studies reported a positive influence of SBT operations on downstream reaches of
dam-fragmented rivers using macroinvertebrate indices to assess ecological status. For example, Martin et al.!*15
showed that SBT operations in a Swiss reservoir acted as short-term disturbances to receiving waters, enhancing
sediment connectivity and flow variability, thus promoting biotic changes in macroinvertebrate assemblages over
time. Further, Kobayashi et al.*!¢ observed a recovery in macroinvertebrate taxa richness and community com-
position downstream of Asahi Dam, Japan, after 2-3 years of SBT operation. Likewise, Auel et al.!” reported that
macroinvertebrate richness and composition downstream of dam-fragmented rivers increased with increasing
SBT operation time. Estimates of macroinvertebrate diversity in these studies were done using morphological
identifications mainly categorized at the functional feeding group'’, order', or genus level'.

Traditional morphology-based macroinvertebrate assessments are constrained not just by time and survey
costs, but more importantly by the large number of morphologically cryptic, relatively small-sized and unde-
scribed species's, resulting in coarse taxonomic level identifications'®. To mitigate these limitations, DNA
metabarcoding has been used successfully and proven faster, less expensive, and more accurate for evaluating
biotic diversities and distributions at higher taxonomic resolution than morphology-based assessments?*-**. For
example, studies have demonstrated the use of metabarcoding as a precise and alternative tool to estimate arthro-
pod diversity and composition'®**-?’, Metabarcoding may be an efficient and effective means for assessing SBT
operations on receiving streams, but has yet to be tested.

In this study, we used DNA metabarcoding to assess macroinvertebrate diversity and composition to better
our understanding of the ecological consequences of SBT operations on riverine ecosystems. We hypothesized
that SBT operations improve sediment conditions in residual reaches below dams, thereby positively effecting
macroinvertebrate assemblages. To test this hypothesis, we sampled three dam-fragmented rivers with SBTs in
Switzerland with different operation time spans (2 to 92 years) and operation frequencies (1-10 days/year to ca.
200 days/year). For comparison, we also assessed macroinvertebrate assemblages in dam-fragmented rivers with-
out SBTs and free-flowing rivers as reference sites. We used metabarcoding data from macroinvertebrate larval
samples to identify species, estimate richness and diversity, and calculate community dissimilarities between
upstream and downstream points in each river.

Results

Taxonomic identification. A total of 6,853 macroinvertebrate larvae were collected from 16 sampling sites
at 7 rivers. Morphological identification assigned specimens into 24 insect families (morpho-families) within 4
orders. Ephemeroptera comprised 63% of the specimens collected, followed by Diptera (22%), Plecoptera (11%),
and Trichoptera (4%). Baetidae was the most dominant morpho-family at 52%, followed by Chironomidae,
Simuliidae, and Heptageniidae, representing 11%, 10% and 10% of the collected specimens, respectively. For the
metabarcoding analysis, 2,355,940 (44%) sequences from 5,810,864 raw forward reads were retained after quality
filtering. From this, 1,908,508 reads were mapped into 1,222 operational taxonomic units (OTUs) excluding chi-
meric and singleton sequences (Table 1). BLASTn searches matched 322 representative OTUs (50.7% of reads) on
BOLD, and 417 (39.6% of reads) on GenBank. The remaining 483 OTUs either have <97% sequence similarity
(9.6% of reads) or have no match (0.13% of reads) on the database. In total, 739 OTUs (90.3% of reads) were tax-
onomically identified at the species level having a > 97% identity threshold. Five of the taxonomically assigned
OTUs are non-arthropod sequences (0.01% of reads), e.g. Leptolegnia sp., and were discarded in the subsequent
analyses. From the remaining 734 OTUs, a total of 8 insect orders, 36 families, 65 genera, and 131 species were
represented in the metabarcoding data.

Ephemeroptera was the most prevalent order with 86.7% of reads, followed by Diptera, Plecoptera and
Trichoptera with 8.6%, 3.8% and 0.6% of reads, respectively. The orders Coleoptera, Lepidoptera, Odonata and
Hymenoptera comprised the remaining 0.25%. Species with the most abundant sequences were Baetis alpi-
nus (46%) and Baetis rhodani (13%). Species with >2% sequence abundance were Ecdyonurus venosus (8%),
Rhithrogena sp. 28 (5%), Rhithrogena sp. 14 (4%), Rhithrogena sp. 19 (4%), Simulium argyreatum (3%), Simulium
variegatum (3%) and Ecdyonurus submontanus (2%). Mayflies and simuliid blackflies were the most represented
taxa in the metabarcoding data, and were present at all sites regardless of river site type. These species showed
relatively dissimilar abundances between the upstream and downstream sites of dam-fragmented rivers, and
relatively similar abundances at free-flowing sites. Accordingly, Pfaffensprung followed the pattern observed for
free-flowing sites, whereas Egschi and Solis followed the pattern observed at dam-fragmented sites (except for
Baetis alpinus in Egschi). See Supporting Information (Fig. S1) for the proportional taxonomic abundance of the
metabarcoding-identified taxa at the family and species level for each sampling site. However, paired sample t-test
revealed no significant difference between the relative abundance of the 9 species with >2% sequence abundance
between the US and DS (DS-A/DS-B) sites when grouped based on river categories, except for Baetis rhodani with
significant difference between the upstream (US) and downstream sites before the SBT outlet (DS-B) (p=0.004)
(Fig. S2).

Diversity and community composition. A positive correlation was found between the total abundance
of morpho-families and read abundance of metabarcoding-identified taxa (family level) for all sites, both in
analysis including (R?=0.30; p =0.0001) and excluding (R?=0.77; p < 0.0001) false positive and false negative
detections (Fig. 1). Positive linear correlations (p-value < 0.05) were also found for each sampling site includ-
ing false positive and false negative detections, except for Egschi downstream before the SBT outlet (DS-B)
(R?=0.20; p=0.108), Egschi downstream after the SBT outlet (DS-A) (R?=0.28; p =0.052), and Solis upstream
(US) (R?=0.15; p=10.090) (Supporting Information Table S1 and Fig. S3). Metabarcoding detected 16 of the
24 morpho-families, representing 98.3% of the reads that accounted for 98.0% of the morphologically identi-
fied specimens. The remaining 8 morpho-families (2.0%) not detected by metabarcoding had fewer than 11
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Dam-fragmented
Us 621 14 277,528 132,964 107,655 458 15 60
Burvagn Dam (Gelgia River)
DS 575 9 500,652 237,728 182,147 508 16 65
UsS 171 11 260,402 124,617 79,831 322 20 60
Isenthal Dam (Isenthalerbach)
DS 821 12 553,363 136,255 117,853 288 13 50
Dam-fragmented with SBT
UsS 641 12 253,254 148,241 129,568 293 17 46
Pfaffensprung Dam (Reuss River)
DS-A 1522 10 362,477 161,635 135,275 270 15 41
UsS 288 12 252,696 108,979 87,625 390 15 50
Egschi Dam (Rabiusa River) DS-B 158 12 441,620 159,435 135,880 318 10 36
DS-A | 237 7 315,665 119,695 99,479 228 13 34
Us 575 10 536,536 130,451 107,970 422 15 46
Solis Dam (Albula River) DS-B 461 9 297,590 170,244 130,527 373 13 43
DS-A 19 7 352,962 111,087 90,294 229 11 32
Free-flowing
UsS 194 7 424,824 116,326 100,728 279 15 34
Nolla River
DS 54 7 253,407 137,800 103,591 244 14 38
Us 301 12 304,706 127,751 108,236 372 17 61
Kiirstelenbach
DS 215 10 423,182 232,732 191,720 354 12 50
Total n/a 6,853 24 5,810,864 | 2,355,940 | 1,908,379 734 36 131

Table 1. Summary of metabarcoding data, taxonomic identification and species richness across 16 sampling
sites. "Morphologically identified samples at the family level.
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Figure 1. Relative logarithmic sample abundance (morphologically identified families/morpho-families)
plotted against the relative logarithmic sequence/read abundance (metabarcoding-identified taxa at the family
level) of all the sites via linear regression analysis. Showing analysis including (left) and excluding (right) false
positive and false negative detection. Please see Fig. S2 for the correlation results per site.

specimens, except for Ameletidae (115 individuals). Moreover, metabarcoding detected 20 false-positive families,
representing 1.7% of the reads.

Alpha diversity was evaluated using the Simpson’s diversity index (1-D) that reflects the richness, and equi-
tability or evenness of population abundances within a sample of the communities. With values between 0 to 1,
the higher the score, the more diverse the community is considered to be. Simpson’s diversity index calculated for
each site ranged from 0.80-0.94 (Fig. S4). Dam-fragmented river sites had relatively higher Simpson’s diversity
index values (0.93-0.94) compared to free-flowing river sites (0.86-0.89). For dam-fragmented sites with SBTs,
upstream and downstream sites at Pfaffensprung had the lowest D (0.80-0.82) of all study sites, while Egschi had
0.83-0.87. Estimated Simpson’s diversity index for Solis dam (0.89-0.92) was relatively higher compared to other
dam sites with SBT and free-flowing sites. However, one-way analysis of variance (ANOVA) showed no signifi-
cant difference [F (6, 15) =1.15, p=0.28] between the estimated Simpson’s diversity of each sites when grouped
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Figure 2. (a) Beta diversity (Bray-Curtis dissimilarity) of macroinvertebrate communities between the up-

(US) and downstream (DS) sites of dam-fragmented and free-flowing rivers, and between the up- (US) and
downstream after the SBT outlet (DS-B/DS-A) sites of dam-fragmented rivers with SBT. Bars without shared
letters indicate significant difference (p < 0.05). (b) Pearson correlation between the community dissimilarity of
the US and DS/DS-A sites of dam-fragmented rivers with and without SBTs against log-transformed operation in
years (O: n=5). Invertebrate Bray-Curtis dissimilarity adopted from Kobayashi et al.® ((J: n =4) and Auel et al.'”
(&: n=>5) were included in the analysis.

based on site type, i.e. dam-fragmented (US and DS), dam-fragmented with SBTs (US, DS-B and DS-A) and the
free-flowing (US and DS) sites.

Bray-Curtis dissimilarity was calculated to measure the dissimilarity between the species composition or beta
diversity of the upstream and downstream sites within each study river based on relative sequence abundance.
Dissimilarity values ranges from 0 to 1, with the latter score being highly dissimilar. Estimated Bray-Curtis dis-
similarity values (Fig. S4) of the dam-fragmented rivers, i.e. Burvagn and Isenthal, were 0.54 and 0.53, while
free-flowing rivers, i.e. Nolla and Kérstelenbach, had 0.25 and 0.28, respectively. For dam-fragmented rivers with
SBTs, Pfaffensprung had the lowest dissimilarity value (0.18) compared to all study rivers. Dissimilarity for Egschi
dam was substantially low (0.37 for US/DS-B; and 0.31 for US/DS-A) in comparison to dam-fragmented rivers
without SBTs. The 0.52 dissimilarity value observed between Solis’ US and DS-B sites was considerably similar
to values observed for dam-fragmented rivers without SBTs, while its US and DS-A sites had the highest dissim-
ilarity value (0.73) of all rivers. ANOVA was performed to assess the difference between Bray-Curtis values of
dam-fragmented, dam-fragmented with SBTs (US/DS-B and US/DS-A) and the free-flowing river sites. The anal-
ysis showed a significant difference [F (3, 86) = 11.29, p < 0.0001] in the mean values of the jackknife replicates of
the Bray-Curtis dissimilarities. Dam-fragmented, free-flowing and dam-fragmented with SBT (US/DS-B) rivers
were significantly different, while the dissimilarity between the up- and downstream communities after the outlet
of dam-fragmented rivers with SBT (US/DS-A) was not significantly different from the other dam-fragmented
sites (Fig. 2a). A significant Pearson correlation between the Bray-Curtis dissimilarity values and SBT operation
was observed (R*=0.385; p=0.018). The dissimilarity between the macroinvertebrate communities of the up-
and downstream sites decreased with increasing SBT operation (Fig. 2b).

Sediment analysis. Here, we present the Dy, and D,, as representative grain size parameters for a gravel
bed. See Table S2 and Fig. S5 for detected sediments and computed sediment characteristic grain size distribu-
tions for each site. For dam-fragmented rivers without SBTs, sediment size in Burvagn for US (Dy,= 178 mm;
D,,=78mm) and DS (Dy,= 195 mm; D,, = 82 mm) sites were not significantly different, while Isenthal had sig-
nificantly finer sediments DS (Dy, = 185 mm; D,, = 65 mm) than US (Dyy= 187 mm; D,,=91 mm). Observed
D,, among free-flowing rivers was not significantly different (range =47-90 mm), while Dy, values showed finer
sediments for US (range =28-111 mm) than DS (range = 121-205 mm) sites. For dam-fragmented rivers with
SBTs, downstream (DS-B and DS-A; range = 69-219 mm) sediment size was relatively finer or similar to their
respective US sites (range = 105-249 mm).

Discussion

We used DNA metabarcoding analysis to assess the influence of sediment bypass tunnel (SBT) operations on the
diversity and community composition of macroinvertebrates in dam-fragmented rivers along with a concurrent
assessment of reference river sites for baseline comparison. We observed significantly high dissimilarity values
between upstream and downstream communities of dam-fragmented rivers compared to free-flowing rivers
without dams. Our results support the observed negative effect of reservoir and dam construction on macroin-
vertebrate diversity and community composition from previous studies?>?.

Macroinvertebrate communities on the Reuss (Pfaffensprung dam) and Rabiusa (Egschi dam) rivers with SBT
dams showed considerably low dissimilarity compared to dam-fragmented rivers, and were relatively similar to
free-flowing rivers. This supports the positive influence of SBT operations on macroinvertebrate assemblages
below dams. Alongside dam completion, SBT operation at Pfaffensprung started in 1922 with a discharge capacity
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of 220 m?*/s. The SBT is operated to transport as much as several thousand m? of sediment for ca. 200 days/year™.
Ninety-two years of operation and a high operation frequency per year could be a major reason for the improve-
ment of downstream communities close to the state upstream. Likewise, Egschi’s SBT has been operational for 38
years (1976-2014) with an approximate sediment discharge of 15% from the reservoir by 1984, and a continuous
sediment discharge of 50 m?/s for 10 days/year®. Dissimilarity observed between the upstream and downstream
sites above the SBT outlet was higher in comparison to values observed between the upstream and downstream
sites below the SBT. This finding could be due to better environmental conditions below compared to above the
SBT outlet. Related studies also reported a positive influence of SBT operations on macroinvertebrate e commu-
nity composition in downstream reaches!*'%'7. Specifically, Auel et al.'” observed macroinvertebrate community
composition using the Bray-Curtis similarity index (based on samples categorized at feeding groups) in upstream
and downstream reaches at a dam with SBT to increase in similarity over time since operation.

On the other hand, observed community composition of macroinvertebrates in the Albula (Solis dam) were
relatively similar to dam-fragmented sites (between US and DS-B points), or even greater (between US and DS-A
points). This suggests that SBT operation in Solis resulted in little biotic improvement of communities down-
stream before the SBT outlet, and may even have a negative effect on communities downstream of the SBT.
Solis SBT has been operational for 2 years with a discharge capacity of 170 m®/s operating 1-10 days/year®.
Accordingly, previous studies conducted in Solis also reported lower Bray-Curtis similarity between the upstream
and downstream communities in comparison to Asahi dam with 17 years SBT operation, but higher than Koshibu
dam with a SBT that has not been operational upon survey'®!”. Likewise, Kobayashi et al.!® found no evidence of
improvement in invertebrate assemblages at Miwa dam, Japan, with an SBT operating for almost 7 years (at the
time of study) with a discharge capacity of 300 m?/s operating 1-2 times a year. Large volumes of sediment have
been mobilized in the downstream reach of Solis dam resulting in pronounced morphological changes in some
areas’. However, water and sediment scouring or deposition from SBT operation disturbed sediment respiration,
periphyton biomass and macroinvertebrate richness downstream'*'>. Detectable alterations in macroinvertebrate
communities are expected following disturbances in downstream reaches, but moderate sediment deposition,
good water quality®!, and stable flows* would more likely influence its recovery. However, due to the minimal
operation time of SBTs per year, it requires several years to cause a rejuvenation of geomorphic and hydrologic
processes’, such as those observed following experimental floods* that promoted the recovery of downstream
macroinvertebrate communities near to respective upstream communities.

In addition, SBT operation conditions, frequency and duration influence changes in riverbed conditions; i.e.
channel incision and riverbed armoring that subsequently restore natural geomorphic processes in the down-
stream reach’. Riverbed conditions and macroinvertebrate communities in residual channels improved in the
years after SBT operation due to increased bed mobility (high flows from SBTs), which is important for the
reestablishment of more natural invertebrate communities®. In addition, maximum SBT discharge, sediment
released through the tunnel, and distance to the outlet mostly influenced hyphoreic properties; i.e. sediment
respiration, organic matter content, and sediment size'*. These factors may also influence assemblages and possi-
ble recovery of macroinvertebrate taxa downstream. Flood events and sediment loading to downstream reaches
contain substantial particulate organic matter. In particular, food available for filter-feeding invertebrates could
increase above intrinsic levels and promote expansion of populations®. A decrease in habitat availability, i.e.
coarse substrate and associated interstices, directly affects benthic macroinvertebrates from the aquatic insect
orders Ephemeroptera, Plecoptera and Trichoptera (EPT), unlike other generalist taxa with high dispersal abil-
ity and generalist feeding habits (e.g. chironomids, burrowing mayflies)*. Hence, EPTs are expected to recover
and replenish local benthic assemblages in the long-term with the addition of coarser sediments in downstream
reaches. Response of the fish community to SBT operations also may have an effect on macroinvertebrates. Since
macroinvertebrates serve as a primary food resource for many fish species, a decline or increase in fish numbers
directly influence the predation risk to prey, most of which are large macroinvertebrates®.

We measured grain size parameters for each riverbed via gravelometric image analysis to assess grain size
distribution of US and DS (DS-B/DS-A) sites of the study rivers. SBTs route sediments downstream to reduce sed-
iment accumulation in the reservoir, reducing sediment depletion and degradation downstream’. We expected to
see relatively similar grain size distribution between US and DS-A sites of rivers with SBTs since coarse sediments
are transported through the tunnel'’. Sediment size distribution at all sites in Egschi were similar. However, both
D,, and Dy, values of US and DS-A sites of rivers fragmented by Pfaffensprung and Solis dams were dissimilar
with coarser sediments upstream. On the other hand, Auel et al.'” observed that grain size on Pfaffensprung and
Solis were coarser downstream after the SBT outlet compared to upstream. Our observed values were relatively
different to the reported target grain size of each SBT (See Table S3 for the sediment bypass tunnel specifications),
and dissimilar with the grain size distribution of other studies. The surface material images we analyzed in this
study were taken on the river bank, which might lead to a misrepresentation of the riverbed and hence the unex-
pected grain size dissimilarity of transported sediments.

Our interpretation of the influence of SBT operation based on metabarcoding data was consistent with the
results of previous studies that employed traditional morphology-based assessment with samples mainly cate-
gorized at the functional feeding group!’, order', or genus level'®. We were able to recover arthropod sequences
from collected larvae samples representing 131 species, obtain community profiles from 150-bp COI fragments
to estimate species diversity, and calculate pairwise community dissimilarity at the species level that would be
difficult to detect using traditional morphological methods®. A handful of studies have evaluated the reliabil-
ity of metabarcoding for the assessment of taxonomic composition and diversity of freshwater macroinverte-
brates!'®?*¥7-% Metabarcoding data sets are taxonomically more comprehensive and less dependent on taxonomic
expertise”, thus providing a quicker and more reliable means of identifying organisms at various taxonomic
levels, thereby expanding the taxonomic coverage of ecological studies*’. The efficiency of metabarcoding-based
taxonomic assignment strongly relies on the representation of species in the sequence database. We were able
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to match 50.7% of our metabarcoding reads on BOLD, and 39.6% to GenBank with a total of 90.3% arthro-
pod sequence identification at a > 97% similarity threshold. The high taxonomic match indicates that most
of the aquatic insects in Switzerland are registered and well represented in the reference databases, and that
metabarcoding-based assessments on these river ecosystems are reliable for further interpretation.

Quantitative estimation using relative abundances is critical for community characterization and assessment
of biological indices*!. Then again, estimating relative abundance based on read counts remains elusive for most
PCR-based metabarcoding assessment of biodiversity*>**. Previous metabarcoding studies reviewed by Barnes
and Turner* reported a positive correlation between species abundance and relative or absolute sequence read
abundance. We assessed the reliability of using sequence abundance by testing the relationship between the
abundance of morpho-families and the read abundance of the metabarcoding-identified taxa (family level) via
linear regression analysis. A significant positive linear correlation was observed between sample and sequence
abundance, which validates and reinforces the use of relative sequence abundance for the downstream diver-
sity analysis and interpretation of our metabarcoding data. Our metabarcoding sequences accounted for most
of the morphologically-identified specimens (98%). However, there were still undetected morpho-taxa (false
negative) that accounted for the remaining 2%. False absence or detection is unavoidable from metabarcoding
data*>*®, Although new Illumina protocols produce improved results, some common issues such as PCR bias
and false-positive detection can still arise?. Taxa with low sample abundance would yield insufficient amount
of template DNA for PCR and consequently fail to be detected in metabarcoding analysis*’, which may lead to
false negative results. In addition, some of these undetected taxa might have low PCR primer compatibility. The
low affinity to primers can lead to less PCR amplification*”*%. On the other hand, 1.7% of the metabarcoding
reads (false positive) represented 20 families that were not included in the morpho-taxa identified. False positives
might arise from contamination or errors during PCR and sequencing that were not detected from bioinformat-
ics analysis*®*. Setting stringent parameters for read quality filtering reduces the possibility of detecting false
positives®’. The 20 families detected by metabarcoding could be due to misidentifications of samples, a result of
environmental DNA or from specimen gut contents. Nonetheless, our study had a considerably acceptable rate of
detection similar to previous metabarcoding studies that directly compared morphological and metabarcoding
data such as Hajibabaei et al.?* with 74% (17/23 insect species), Elbrecht and Leese*? with 83% (43/52 insect taxa),
and Brandon-Mong et al.*” with 80-90% (insect taxa) detection rates.

Conclusion

We were able to use metabarcoding data from collected macroinvertebrate larvae to identify samples at the spe-
cies level, estimate richness and diversity, and calculate community dissimilarities between upstream and down-
stream sites of 7 Alpine rivers. We report a positive influence of SBT operation on macroinvertebrate assemblages
downstream of SBT outlets at two rivers (Pfaffensprung and Egschi). On the other hand, dissimilarity values
observed for upstream and downstream sites at Solis dam were relatively similar to dam-fragmented sites, or even
higher than the other sites. This suggests that SBT operations had little positive influence on macroinvertebrate
communities downstream before the SBT outlet, and could possibly have negative effects on communities down-
stream of the SBT. The SBT in Solis has only been operational for 2 years at the time the study was conducted.
SBT operation still acted as a disturbance, and riverbed conditions are yet to recover to support improvement
of the macroinvertebrate communities. Hence, our results revealed that ecological effects of SBT operations on
macroinvertebrate communities downstream of dam-fragmented rivers were related to the operation time and
frequency of SBT events.

In this study, we primarily aimed to promote metabarcoding as a tool for identifying species and profiling
biodiversity of freshwater habitats. Further studies are needed to understand how the ecological impacts of SBT
operation on macroinvertebrate communities can be translated to develop holistic management strategies for
reservoir and SBT operations in the future. We recommend multi-time sampling of the sites to recover seasonal
variation in macroinvertebrate composition in future assessments.

Methods

Sample collection. The study was conducted in Switzerland in August 2014. Three dams with SBTs were
selected for study: Pfaffensprung (46° 42’ 53.22" N, 8° 36’ 38.46" E), Egschi (46° 43/ 59.23" N, 9° 20’ 26.13" E), and
Solis (46° 40’ 41.00” N, 9° 32/ 4.00” E) located on the Reuss (Wassen, Uri, CH), Rabiusa (Safien, Grisons, CH),
and Albula (Alvaschein, Grisons, CH) rivers, respectively. These rivers have been dam-fragmented for 92, 65,
and 28 years, respectively®. Three sites were sampled on each river: upstream of the reservoir (US), downstream
below the dam but upstream of the SBT outlet (DS-B), and downstream of the SBT outlet (DS-A). Pfaffensprung
(Reuss River) was not sampled at point US-B since the SBT outlet was in close proximity to the dam. In addi-
tion, two dam-fragmented rivers without SBTs and two free-flowing (non-fragmented by dam) rivers were sam-
pled as positive and negative control rivers, respectively. Dam-fragmented rivers were the Gelgia River (Salouf,
Grisons, CH) impounded by Burvagn dam for 65 years (46° 37/ 22.37" N, 9° 35’ 04.49” E) and Isenthalerbach
River (Flitelen, Uri, CH) impounded by Isenthal dam for 59 years (46° 54’ 36.40” N, 8° 33/ 50.07” E). The unregu-
lated Nolla (Thusis, CH) and Kérstelenbach (Silenen, CH) rivers were chosen as free-flowing river sites. All rivers
were sampled at upstream (US) and downstream (DS) points of the same stream order at elevations of ca. 800 m
a.s.l. (601-911 m a.s.l.), except for the Albula and Gelgia rivers at 1000-1200m a.s.l. In total, 16 sites were sam-
pled for assessment (Fig. 3). Semi-quantitative samples of macroinvertebrates were collected at each site using a
D-frame net (mesh size: 0.5 mm) via the foot-kick method. Samples were preserved in 99.5% ethanol in the field,
and replaced twice with fresh 99.5% ethanol upon return to the laboratory. Each sample was sorted and speci-
mens morphologically identified to family using the identification key for the aquatic insects of North Europe by
Nilsson®! using a stereomicroscope (x112.5).
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Figure 3. Map of Switzerland showing the location of the two dam-fragmented rivers, three dam-fragmented
rivers with SBTs and two free-flowing rivers assessed in this study, and the sites sampled on each study rivers.

DNA extraction, amplicon library preparation and sequencing. Identified macroinvertebrates (fam-
ily level) at each site were dried, grounded and homogenized. Genomic DNA was extracted using the DNeasy
Blood & Tissue Kit (Qiagen, Inc.) following manufacturer instructions. Template DNA were prepared by mixing
equal volume of extracted DNA from each tube and each site. The 658-bp fragment of the cytochrome oxidase
I (COI) region of the mitochondrial DNA was amplified using the universal Folmer primers - LCO1490 and
HCO02198 phosphorylated in the 5'-end®?. PCR amplification was carried out with a T100TM Thermal Cycler
(BioRad Ltd.) in a 40 pl reaction consisting of 3 pl diluted DNA template (10 ), 20 ul Phusion® High-Fidelity
PCR Master Mix with HF Buffer (New England Biolabs), 2 pl each of the forward and reverse primers (10 uM),
and 13 pl of PCR-grade water. PCR cycling conditions were 30 of initial denaturation at 98 °C, followed by 20
cycles of 10s denaturation at 98 °C, 30's annealing at 43 °C, 30's extension at 72 °C, and a final extension step of
5min at 72 °C. PCR products were purified by QIAquick PCR Purification Kit (Qiagen, Inc.), and DNA con-
centration was measured by Quantus™ Fluorometer using the QuantiFluor dsDNA System (Promega). For the
amplicon library preparation, 16 index adapter pairs were prepared manually using D700 and D500 Illumina
TruSeq adapter sequences. PCR products were adenylated at the 3/-end using Tag polymerase. The reaction con-
sists of 0.15-1.5 pmol PCR products, 5pl of Ex Taq buffer (TaKaRa), 3 ul of 25 mM MgCl2 (TaKaRa), 1 ul of
10 mM dATP (Promega), 2.5U Ex Taq (TaKaRa), and PCR grade water up to 50 ul. Adenylation was performed
in a TI00TM Thermal Cycler (BioRad) at 72 °C for one hour. The PCR products were then purified via QIAquick
PCR Purification Kit (QIAGEN) and DNA concentration was measured by Quantus™ Fluorometer using the
QuantiFluor dsDNA System (Promega). The adapters were ligated to the adenilated products in a 50 ul ligation
mixture consisting of 5 ul ligation buffer (TaKaRa), 1 ul T4 DNA ligase (TaKaRa), 40 ul of adenylated product,
annealed adapter (100x of mol amount of the adenylated product) and PCR-grade water. Ligation was per-
formed for 19 hours at 16 °C and 65 °C for 2 min in a TI00TM Thermal Cycler (BioRad). Ligated products were
purified using Agencourt AmpureXP (Beckman Coulter). The amplicon libraries were enriched on a 2nd PCR
with a reaction mixture consisting of 5 ul Phusion® High-Fidelity PCR Master Mix with HF Buffer (New England
Biolabs), 0.5l each of a 10 uM KAPA Illumina primer P1 (5’-AAT GAT ACG GCG ACC ACC GA-3') and 10uM
[lumina primer P2 (5’-CAA GCA GAA GAC GGC ATA CGA-3'), 3ul ligated DNA, and PCR-grade water. PCR
cycles were 30s at 94°C, 15 cycles of 10s at 94°C, 30s at 60 °C, 1 min at 72 °C, a final extension step of 5min
at 72°C and stored at 4 °C. The PCR products were purified using Agencourt AmpureXP (Beckman Coulter).
Amplicon library concentration was quantified by qPCR using the KAPA library quantification kit (KAPA) in a
10yl reaction volume with 10000 x dilutions following the kit’s protocol. The 16 amplicon libraries were normal-
ized to 2nM and pooled. Finally, 600 ul of a 6 pM denatured pooled library with PhiX (Illumina, final concen-
tration 30%) was prepared, and a 300-bp paired-end sequencing was performed using the MiSeq Reagent Kit v3
(Illumina, Inc.) as per manufacturer instructions.

Data processing. Paired-end sequencing generated a total of 11,621,728 raw reads. Reverse reads were dis-
carded due to low quality. The remaining 5,810,864 forward reads with an average length of 235-bp, ranging from
35 to 301-bp in length, were treated as unpaired for subsequent analysis. Read quality was checked using FastQC
v0.11.5°*. Non-biological sequences, i.e. primer and index sequences, were trimmed via Trimmomatic v0.36>.
The UPARSE pipeline® was followed for quality filtering, implementing the maximum expected error method
(maxee) that retains ~50% reads for all sampling points. Reads > 2.0 expected error and <150-bp in length were
discarded and the surviving reads were truncated at 150-bp length to obtain globally aligned reads. Reads from
the 16 sampling points were then pooled and collapsed into unique sequences using a command in USEARCH
v9.2.64%. The resulting unique reads were clustered into operational taxonomic units (OTUs) with a similarity
cut-off value of 97%, subsequently discarding chimeric and singleton sequences. Taxonomic identification was
generated by performing BLASTn searches of each OT'U representative sequence on a reference database. BLAST
hits >97% in the Barcode of Life Database (BOLD)® was used to classify each sequence. Sequences without
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matches at 97% similarity with BOLD were then queried to GenBank®”. Representative OTU sequences without
matches, queries with taxonomic assignment <97% identity, and non-arthropod matches were excluded from
subsequent analyses.

Diversity and community composition. The OTU table output from the UPARSE pipeline was used
as input data to calculate diversity indices in Quantitative Insights into Microbial Ecology (QIIME)*® following
the eukaryotic diversity analysis protocol developed by Leray and Knowlton*’. Prior to estimation of diversity,
the OTU table was rarefied to accommodate differences in sequencing depth among sampling sites. A rarefac-
tion analysis was required since non-parametric and parametric estimates are sensitive to sample size***. A
paired sample t-test was performed to compare the relative abundance of species with >2% sequence abun-
dance between the US and DS (DS-A/DS-B) sites of each river categories (i.e. dam-fragmented US and DS,
dam-fragmented with SBT US, DS-B and DS-A, and free-flowing US and DS). Within-community (alpha) diver-
sity was evaluated with Simpson’s diversity. Analysis of Variance (ANOVA) and Tukey post hoc test were used
to test the significant difference between the Simpson’s diversity values of each river categories. The measure of
dissimilarity between the species composition or the pairwise compositional dissimilarities (beta-diversity coef-
ficient) between upstream and downstream sites within a river can be estimated using both qualitative and quan-
titative metrics. Qualitative metrics measure changes in communities based on presence or absence (incidence),
while quantitative metrics measure differences in relative abundances between communities.

We calculated the Bray-Curtis dissimilarity index®® based on relative sequence abundance to estimate pair-
wise community distance. Ten jackknife replicates of the Bray-Curtis distance matrix were generated to provide
a better estimate of the variability expected in beta diversity results by resampling the OTU table to 79,831 reads
(site with the lowest read count). ANOVA and Tukey post hoc test were used to test the significant difference
between the Bray-Curtis values estimated for each river categories (i.e. dam-fragmented US/DS, dam-fragmented
with SBT US/DS-B and US/DS-A, and free-flowing US/DS). Variation between the macroinvertebrate composi-
tion among the rivers are inherent. However, community dissimilarity was calculated based on the dissimilarity
between the up- and downstream communities with-in each river. The difference between the macroinverte-
brates among the rivers does not affect the dissimilarity observed with-in the up- and downstream communi-
ties of each river. Additionally, a Pearson correlation analysis was performed to assess the relationship between
the Bray-Curtis values and SBT operation/year. We hypothesized that Bray-Curtis dissimilarity decreases with
increasing operation time, hence a one-tailed test was used. To assess the reliability of using sequence abundance
to interpret alpha and beta diversities from the metabarcoding data, the relationship between sample abundance
(morphologically-identified families/morpho-families) and sequence abundance (metabarcoding-identified taxa
at the family level) were examined via linear regression analysis. Correlation was calculated using the F statistic
for the regression equation log,, (Y + 1) =log,, (X+ 1) +b, where Y is sequence abundance, X is sample abun-
dance, and b is the intercept.

Sediment Analysis. Top view (surface) photographs of the gravel bed were taken in triplicate in the field
at each site to measure sediment size distribution using the software BASEGRAIN®'. Characteristic grain size
parameters, i.e. D,, (effective diameter) and Dy, (particle size for which 90% of bed surface is finer), were used
to represent each gravel bed. A paired sample t-test was used to compare the US and DS (DS-A/DS-B) sites
of each river. All statistical analyses were performed in the XLSAT software package (Addinsoft XLSTAT ver.
19.01.40777).

Data availability. Most data generated or analyzed during this study are included in the manuscript (and
its Supplementary Information files). The raw and filtered sequence files, and the OTU dataset generated and
analyzed, are available from the corresponding author on reasonable request.

References

1. Nilsson, C., Reidy, C. A., Dynesius, M. & Revenga, C. Fragmentation and flow regulation of the world’s large river systems. Science
308(5720), 405-408 (2005).

2. Dai, Z. & Liu, J. T. Impacts of large dams on downstream fluvial sedimentation: an example of the Three Gorges Dam (TGD) on the
Changjiang (Yangtze River). ] Hydrol 480, 10-18 (2013).

3. Schmera, D., Heino, J., Podani, J., Eros, T. & Dolédec, S. Functional diversity: a review of methodology and current knowledge in
freshwater macroinvertebrate research. Hydrobiologia 787(1), 27-44 (2017).

4. White, J. C., Hill, M. ., Bickerton, M. A. & Wood, P. J. Macroinvertebrate taxonomic and functional trait compositions within lotic
habitats affected by river restoration practices. Environmental Management 60(3), 513-525 (2017).

5. Watanabe, K., Monaghan, M. T., Takemon, Y. & Omura, T. Dispersal ability determines the genetic effects of habitat fragmentation
in three species of aquatic insect. Aquat Conserv Mar Freshw Ecosyst 20(5), 574-579 (2010).

6. Hagen, M. et al. Biodiversity, species interactions and ecological networks in a fragmented world. Adv Ecol Res 46, 89-120 (2012).

7. Boes, R. M. et al. Sediment bypass tunnels to mitigate reservoir sedimentation and restore sediment continuity. Reservoir
Sedimentation, 221-228 (2014).

8. Kobayashi, S., Auel, C., Sumi, T. & Takemon, Y. Recovery of Riverbed Features and Invertebrate Community in Degraded Channels
by Sediment Supply through Bypass Tunnel. Proceedings of the 12 International Conference on Hydroscience & Engineering for
Environmental Resilience (2016).

9. Facchini, M. Downstream morphological effects of Sediment Bypass Tunnels. Dissertation 24782, ETH Zurich, https://doi.
org/10.3929/ethz-b-000225127 (2017).

10. Hauer, E R. & Resh, V. H. Macroinvertebrates. In: Hauer, E. R., Lamberti, G. A. (eds). Methods in Stream Ecology, pp. 435-454 (2006).

11. Schneider, S. C. & Petrin, Z. Effects of flow regime on benthic algae and macroinvertebrates-A comparison between regulated and
unregulated rivers. Sci Total Environ 579, 1059-1072 (2017).

12. Vadher, A. N, Leigh, C., Millett, J., Stubbington, R. & Wood, P. J. Vertical movements through subsurface stream sediments by
benthic macroinvertebrates during experimental drying are influenced by sediment characteristics and species traits. Freshwater
Biology 62, 1730-1740 (2017).

SCIENTIFICREPORTS| (2018) 8:10185 | DOI:10.1038/s41598-018-28624-2 8


http://dx.doi.org/10.3929/ethz-b-000225127
http://dx.doi.org/10.3929/ethz-b-000225127

www.nature.com/scientificreports/

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.
38.

39.

40.

41.

42.

43.
44.
45.
46.
47.
48.
49.
50.
51.

52.

Zhou, X. et al. Stream power as a predictor of aquatic macroinvertebrate assemblages in the Yarlung Tsangpo River Basin (Tibetan
Plateau). Hydrobiologia 797(1), 215-230 (2017).

Martin, E. J., Doering, M. & Robinson, C. T. Ecological assessment of a Sediment By-pass tunnel on a receiving stream in
Switzerland. River Research and Applications 33(6), 925-936 (2017).

Martin, E. ], Doering, M. & Robinson, C. T. Ecological effects of sediment bypass tunnels. In Proceedings of the 1st International
workshop on sediment bypass tunnels 232, 147-156 (2015).

Kobayashi, S., Fukuroi, H., Takemon, Y. & Sumi, T. Invertebrate community changes in the downstream of dam after the operation
of sediment bypass tunnel. Proceedings of the 2" International workshop on sediment bypass tunnels, In: Sumi, T. ed. FP23 (2017).
Auel, C., Kobayashi, S., Takemon, Y. & Sumi, T. Effects of sediment bypass tunnels on grain size distribution and benthic habitats in
regulated rivers. International Journal of River Basin Management 15(4), 1-46 (2017).

Beng, K. C. et al. The utility of DNA metabarcoding for studying the response of arthropod diversity and composition to land-use
change in the tropics. Sci. Rep. 6, 24965, https://doi.org/10.1038/srep24965 (2016).

Baird, D. ]. & Hajibabaei, M. Biomonitoring 2.0: a new paradigm in ecosystem assessment made possible by next-generation DNA
sequencing. Mol Ecol 21(8), 2039-2044 (2012).

Pauls, S. U. et al. Integrating molecular tools into freshwater ecology: developments and opportunities. Freshwater Biology 59(8),
1559-1576 (2014).

Stein, E. D., Martinez, M. C, Stiles, S., Miller, P. E. & Zakharov, E. V. Is DNA barcoding actually cheaper and faster than traditional
morphological methods: results from a survey of freshwater bioassessment efforts in the United States? PLoS One 9(4), €95525,
https://doi.org/10.1371/journal.pone.0095525 (2014).

Aylagas, E., Borja, A., Irigoien, X. & Rodriguez-Ezpeleta, N. Benchmarking DNA metabarcoding for biodiversity-based monitoring
and assessment. Front. Bridging the Gap Between Policy and Science in Assessing the Health Status of Marine Ecosystems 3,165 (2017).
Corlett, R. T. A bigger toolbox: biotechnology in biodiversity conservation. Trends Biotechnol. 35(1), 55-65 (2017).

Hajibabaei, M., Shokralla, S., Zhou, X., Singer, G. A. & Baird, D. J. Environmental barcoding: a next-generation sequencing approach
for biomonitoring applications using river benthos. PLoS One 6(4), e17497, https://doi.org/10.1371/journal.pone.0017497 (2011).
Yu, D. W. et al. Biodiversity soup: metabarcoding of arthropods for rapid biodiversity assessment and biomonitoring. Methods Ecol
Evol 3(4), 613-623 (2012).

Emilson, C. E. et al. DNA metabarcoding and morphological macroinvertebrate metrics reveal the same changes in boreal
watersheds across an environmental gradient. Sci Rep 7(1), 12777 (2017).

Elbrecht, V., Vamos, E. E., Meissner, K., Aroviita, ]. & Leese, F. Assessing strengths and weaknesses of DNA metabarcoding-based
macroinvertebrate identification for routine stream monitoring. Methods Ecol Evol 8(10), 265-1275, https://doi.org/10.1111/2041-
210X.12789 (2017).

Pamplin, P. A. Z., Almeida, T. C. M. & Rocha, O. Composition and distribution of benthic macroinvertebrates in Americana
Reservoir (SP, Brazil). Acta Limnologica Brasiliensia 18(2), 121-132 (2006).

Horsak, M., Bojkovd, J., Zahradkovd, S., Omesova, M. & Helesic, J. Impact of reservoirs and channelization on lowland river
macroinvertebrates: A case study from CentralEurope. Limnologica-Ecology and Management of Inland Waters 39(2), 140-151
(2009).

Sumi, T. Proceeding of the 2nd International Workshop on Sediment Bypass Tunnels, Kyoto University, Kyoto, Japan (ed. Sumi, T.)
(2017).

Espa, P, Brignoli, M. L., Crosa, G., Gentili, G. & Quadroni, S. Controlled sediment flushing at the Cancano Reservoir (Italian Alps):
management of the operation and downstream environmental impact. ] Environ Manage 182, 1-12 (2016).

Suren, A. M. & Jowett, I. G. Effects of floods versus low flows on invertebrates in a New Zealand gravel-bed river. Freshwater Biology
51(12), 22072227 (2006).

Robinson, C. T., Uehlinger, U. & Monaghan, M. T. Effects of a multi-year experimental flood regime on macroinvertebrates
downstream of a reservoir. Aquat Sci 65(3), 210-222 (2003).

Jones, J. I et al. The impact of fine sediment on macro-invertebrates. River Research and Applications 28(8), 1055-1071 (2012).
Burdon, E ], McIntosh, A. R. & Harding, J. S. Habitat loss drives threshold response of benthic invertebrate communities to
deposited sediment in agricultural streams. Ecological Applications 23(5), 1036-1047 (2013).

Chain, F. ], Brown, E. A,, Maclsaac, H. ]. & Cristescu, M. E. Metabarcoding reveals strong spatial structure and temporal turnover
of zooplankton communities among marine and freshwater ports. Divers Distributions 22(5), 493-504 (2016).

Ji, Y. et al. Reliable, verifiable and efficient monitoring of biodiversity via metabarcoding. Ecol Lett 16(10), 1245-1257 (2013).
Cristescu, M. E. From barcoding single individuals to metabarcoding biological communities: towards an integrative approach to
the study of global biodiversity. Trends Ecol Evol 29(10), 566-571 (2014).

Majaneva, M., Hyytidinen, K., Varvio, S. L., Nagai, S. & Blomster, J. Bioinformatic amplicon read processing strategies strongly affect
eukaryotic diversity and the taxonomic composition of communities. PloS One 10(6), €0130035, https://doi.org/10.1371/journal.
pone.0130035 (2015).

Leray, M. & Knowlton, N. Visualizing Patterns of Marine Eukaryotic Diversity from Metabarcoding Data Using QIIME. Marine
Genomics: Methods and Protocols 1452, 219-235 (2016).

Bucklin, A., Lindeque, P. K., Rodriguez-Ezpeleta, N., Albaina, A. & Lehtiniemi, M. Metabarcoding of marine zooplankton:
prospects, progress and pitfalls. Journal of Plankton Research 38(3), 393-400 (2016).

Elbrecht, V. & Leese, F. Can DNA-based ecosystem assessments quantify species abundance? Testing primer bias and biomass—
sequence relationships with an innovative metabarcoding protocol. PloS one 10(7), 0130324, https://doi.org/10.1371/journal.
pone.0130324 (2015).

Leray, M. & Knowlton, N. Random sampling causes the low reproducibility of rare eukaryotic OTUs in Illumina COI metabarcoding.
Peer] 5, 3006, https://doi.org/10.7717/peerj.3006 (2017).

Barnes, M. A. & Turner, C. R. The ecology of environmental DNA and implications for conservation genetics. Conserv Genet 17(1),
1-17 (2016).

Ficetola, G. E. et al. Replication levels, false presences and the estimation of the presence/absence from eDNA metabarcoding data.
Mol Ecol Resour 15(3), 543-556 (2015).

Ficetola, G. E, Taberlet, P. & Coissac, E. How to limit false positives in environmental DNA and metabarcoding? Mol Ecol Resour
16(3), 604-607 (2016).

Brandon-Mong, G. J. et al. DNA metabarcoding of insects and allies: an evaluation of primers and pipelines. Bulletin of Entomological
Research 105(6), 717-727 (2015).

Pifiol, J., Mir, G., Gomez-Polo, P. & Agusti, N. Universal and blocking primer mismatches limit the use of high-throughput DNA
sequencing for the quantitative metabarcoding of arthropods. Mol Ecol Resour 15(4), 819-830 (2015).

Willerslev, E. et al. Fifty thousand years of Arctic vegetation and megafaunal diet. Nature 506(7486), 47 (2014).

Edgar, R. C. UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat Methods 10(10), 996-998 (2013).
Nilsson, A. Aquatic Insects of North Europe: A Taxonomic Handbook. Volume 1-Ephemeroptera-Plecoptera-Heteroptera-
Neuroptera-Megaloptera-Coleoptera-Trichoptera-Lepidoptera (ed. Nilsson, A.) (Apollo Books, 1996).

Vrijenhoek, R. DNA primers for amplification of mitochondrial cytochrome c oxidase subunit I from diverse metazoan
invertebrates. Mol Mar Biol Biotechnol 3(5), 294-299 (1994).

SCIENTIFICREPORTS| (2018) 8:10185 | DOI:10.1038/s41598-018-28624-2 9


http://dx.doi.org/10.1038/srep24965
http://dx.doi.org/10.1371/journal.pone.0095525
http://dx.doi.org/10.1371/journal.pone.0017497
http://dx.doi.org/10.1111/2041-210X.12789
http://dx.doi.org/10.1111/2041-210X.12789
http://dx.doi.org/10.1371/journal.pone.0130035
http://dx.doi.org/10.1371/journal.pone.0130035
http://dx.doi.org/10.1371/journal.pone.0130324
http://dx.doi.org/10.1371/journal.pone.0130324
http://dx.doi.org/10.7717/peerj.3006

www.nature.com/scientificreports/

53. Andrews, S., Lindenbaum, P., Howard, B. & Ewels, P. FastQC: High Throughput sequence QC report v. 0.10. 1. Cambridge, UK:
Babraham Bioinformatics (2011).

54. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics, btul70 (2014).

55. Edgar, R. C. Search and clustering orders of magnitude faster than BLAST. Bioinformatics 26(19), 2460-2461 (2010).

56. Ratnasingham, S. & Hebert, P. D. BOLD: The Barcode of Life Data System (http://www.barcodinglife.org). Molecular Ecology Notes,
7(3), 355-364 (2007).

57. Camacho, C. et al. BLAST +: architecture and applications. BMC Bioinformatics 10(1), 421 (2009).

58. Caporaso, J. G. et al. QIIME allows analysis of high-throughput community sequencing data. Nat Methods 7(5), 335-336 (2010).

59. Zhan, A. et al. Reproducibility of pyrosequencing data for biodiversity assessment in complex communities. Methods Ecol Evol 5(9),
881-890 (2014).

60. Faith, D. P, Minchin, P. R. & Belbin, L. Compositional dissimilarity as a robust measure of ecological distance. Vegetatio 69(1-3),
57-68 (1987).

61. Detert, M. & Weitbrecht, V. User guide to gravelometric image analysis by BASEGRAIN. Advances in Science and Research,
1789-1795 (2013).

Acknowledgements

We gratefully acknowledge Dr. Naohito Tokunaga of the Division of Analytical Bio-Medicine for performing the
Mlumina MiSeq sequencing at the Advanced Research Support Center (ADRES), Ehime University. We would
like to thank Kohsuke Izumi for his technical support, and Dr. Maribet Gamboa, Thaddeus Carvajal and the
anonymous reviewers for constructive comments that improved the manuscript. This study was supported by the
Japan Society for the Promotion of Science (JSPS) (grant numbers: 26257304, 16H04437, 17H01666).

Author Contributions

J.M.S. analyzed the data and wrote the manuscript; S.Y. and S.K. conducted fieldwork, DNA extraction and library
preparation; B.L. analyzed sediment data; C.T.R. edited and revised the manuscript; K.W. designed the project,
conducted fieldwork, edited and revised the manuscript. All authors did critical revision, and approved the final
version of the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-28624-2.

Competing Interests: The authors declare no competing interests or other interests that might be perceived to
influence the results and/or discussion reported in this paper.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:10185 | DOI:10.1038/s41598-018-28624-2 10


http://dx.doi.org/10.1038/s41598-018-28624-2
http://creativecommons.org/licenses/by/4.0/

	Ecological influence of sediment bypass tunnels on macroinvertebrates in dam-fragmented rivers by DNA metabarcoding
	Results

	Taxonomic identification. 
	Diversity and community composition. 
	Sediment analysis. 

	Discussion

	Conclusion

	Methods

	Sample collection. 
	DNA extraction, amplicon library preparation and sequencing. 
	Data processing. 
	Diversity and community composition. 
	Sediment Analysis. 
	Data availability. 

	Acknowledgements

	Figure 1 Relative logarithmic sample abundance (morphologically identified families/morpho-families) plotted against the relative logarithmic sequence/read abundance (metabarcoding-identified taxa at the family level) of all the sites via linear regressio
	Figure 2 (a) Beta diversity (Bray-Curtis dissimilarity) of macroinvertebrate communities between the up- (US) and downstream (DS) sites of dam-fragmented and free-flowing rivers, and between the up- (US) and downstream after the SBT outlet (DS-B/DS-A) sit
	Figure 3 Map of Switzerland showing the location of the two dam-fragmented rivers, three dam-fragmented rivers with SBTs and two free-flowing rivers assessed in this study, and the sites sampled on each study rivers.
	Table 1 Summary of metabarcoding data, taxonomic identification and species richness across 16 sampling sites.




