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Abstract 15 

 16 

The number of dams is predicted to increase worldwide under the current global change scenario. A 17 

major environmental problem associated with dams is the release of large quantities of fine sediment 18 

downstream. Therefore, future studies in river conservation will largely be focused on the 19 

management of sediments trapped by reservoirs. The aim of this study was to investigate the 20 

downstream ecological impacts of sediment flushing from a dam and the effectiveness of artificial 21 

flash floods as a recovery strategy. Artificial flash floods have often been employed to remove large 22 

amounts of sediment from riverbeds, but their importance in improving the biological quality of lotic 23 

environments is almost unknown. We carried out a series of quantitative macroinvertebrate samplings 24 

over a 2-year period that started before sediment release and included the artificial flushing events. 25 

We characterized the macroinvertebrate community in its structural and functional aspects, and tested 26 

the performance of two biomonitoring indexes, comparing their diagnostic ability. Our results 27 

demonstrated that sediment flushing significantly altered the structure and composition of benthic 28 

communities for more than 1 year. Flash floods exacerbated the overall biological quality, but we 29 

believe that this treatment was useful because, by removing large amounts of sediment, the biological 30 

recovery process was accelerated. Finally, regarding the water quality assessment, we found that the 31 

biomonitoring index for siltation, composed of a selection of taxonomical and functional metrics, was 32 

more reliable than the generic one. 33 

 34 

 35 
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  37 



Introduction  38 

 39 

Dam and reservoir management is likely to represent one of the biggest challenges in river 40 

conservation over the next years. Dams are increasing both in number and in geographical extent 41 

(Fox et al. 2016), but numerous aspects of their correct management remain unresolved. In some 42 

countries there is a growing tendency to remove large dams (Gangloff 2013; Grant and Lewis 2015), 43 

while the current and anticipated changes in hydrological regimes with climate change are causing 44 

an increase in dam construction worldwide (O'Connor et al. 2015; Zarfl et al. 2015).  45 

Dams can have a significant ecological impact on lotic ecosystems, disrupting natural flow regimes 46 

and altering naturally evolved processes (Van Cappellen and Maavara 2016; Arheimer at al. 2017). 47 

For example, dams inhibit natural dispersal pathways and movements of aquatic organisms, causing 48 

population isolation and extirpation of migratory fauna (Olden 2016). Dams transform upstream lotic 49 

habitats into lentic environments, with a strong impact on structural and functional composition of 50 

aquatic coenoses (Gray and Ward 1982; Guareschi et al. 2014; Rothenberger et al. 2017), and 51 

interrupt the natural downstream transport of sediments. Moreover, the quality of water released from 52 

reservoirs is often significantly altered during reservoir residence (WCD 2000). Dams generally trap 53 

all the bedload, i.e. gravel and coarse sand particles, and much of the suspended load, which has 54 

detrimental effects on many natural processes, both in downstream and impounded reaches (Brandt 55 

2000). Downstream sections are usually sediment starved causing substrate armoring and increased 56 

bank erosion and riverbed incision (Kondolf 1997; Graf 2006), with many detrimental ecological 57 

effects. By contrast, in the upstream impounded reach, sediment trapping in reservoirs dramatically 58 

alters the morphological and ecological features of the systems, decreasing substrate particle size and 59 

transforming the river into a lentic body (Tang et al. 2016; Rothenberger et al. 2017). Moreover, 60 

sediment accumulation within impoundments reduces storage capacity of reservoirs, interfering with 61 

the functional purpose of the dam and reducing the efficiency of associated hydroelectric power plants 62 

(Annandale 2013).  63 

Unfortunately, loss of storage due to sedimentation was rarely considered in the design of many dams, 64 

resulting in a widespread problem of reservoir sediment management (Morris and Fan 1998; Owens 65 

at al. 2015), with an estimated 28% of the global sediment flux being potentially trapped in reservoirs 66 

(Vorosmarty et al. 2003). There are three main strategies for managing sedimentation in reservoirs. 67 

The first - sediment yield reduction - aims to reduce sediment inflow to reservoirs by controlling 68 

erosion in the upstream river network (Quiñonero-Rubio et al. 2016). The second - sediment routing 69 

- a modern approach whereby inflow sediments are allowed to pass through or around the reservoir 70 

http://onlinelibrary.wiley.com/doi/10.1002/2013WR014651/full#wrcr20975-bib-0044
http://onlinelibrary.wiley.com/doi/10.1002/2013WR014651/full#wrcr20975-bib-0044
http://onlinelibrary.wiley.com/doi/10.1002/2013WR014651/full#wrcr20975-bib-0044


(Sumi and Kantoush 2010; Auel and Boes 2011, Martín et al. 2017). Unfortunately, these approaches 71 

are not suitable for many existing dams. The last, most common strategy is sediment removal by 72 

eliminating accumulated sediment through excavation, dredging, or drawdown flushing (Espa et al. 73 

2013; Kondolf et al. 2014). 74 

Sediment flushing can restore or preserve reservoir storage but often has dramatic negative impacts 75 

on freshwater ecosystems. In some cases, sediment flushing causes the release of an excessive 76 

quantity of fine material, forming thick layers of sediments, which can settle in the river for years 77 

before being transported downstream by the flow, affecting the diversity and abundance of the river 78 

biota. The adverse effects associated with the unnatural deposition of fine sediment in the river bed 79 

have been documented for different aquatic groups, including macroinvertebrates (Wood and 80 

Armitage 1997; Mebane 2001; Bo et al. 2007; Bilotta and Brazier 2008; Jones et al. 2012), fish (Kemp 81 

et al. 2011; Sear et al. 2016) and plants (Izagirre et al. 2009; Jones et al. 2014). To accelerate removal 82 

of these deposits, dam managers can implement artificial flash floods, i.e. sudden releases of water 83 

from the dam for washing away and moving the settled sediments downstream. Artificial floods have 84 

been applied for achieving restoration goals, for example, to reproduce the natural flow regime in 85 

heavily regulated streams affected by multiple dams in their basins (Robinson at al. 2003, 2004, 86 

2012).  87 

Given the complexity and unpredictability of the flushing operations, data on their impact and 88 

effectiveness are scarce. Several operational strategies have been proposed and applied in the last 89 

years for successfully desilting reservoirs; for example, it is recommended to perform flushing 90 

operations during the period of maximum seasonal run-off to maintain the natural pattern of sediment 91 

transport (White 2001; Kondolf et al. 2014). Moreover, flushing-related sedimentation can be 92 

mitigated by providing additional water from nearby reservoirs, and stopping sediment release at 93 

night to limit the chronic stress associated with these activities (Espa et al. 2013; Quadroni et al. 94 

2016). However, the effects of sediment flushing on aquatic communities are often underestimated 95 

due to the lack of pre-impact data and specific biomonitoring tools. We therefore aimed to analyze 96 

the impact of sediment flushing from an Alpine river dam on downstream benthic macroinvertebrate 97 

communities in terms of richness, density and structure; and to monitor the temporal recovery of these 98 

coenoses after two artificial flash floods. Finally, we compared the diagnostic power of two 99 

biomonitoring indexes based on macroinvertebrates, one generic and the other designed for detecting 100 

siltation effects. 101 

 102 

Materials and methods 103 



 104 

Study Area 105 

The study was carried out in the Stura di Demonte river (hereinafter referred to as Stura), which is 106 

considered one of the least impacted rivers in the entire Italian Alpine area. In fact, the Stura hosts 107 

populations of endangered fish species, such as marble trout (Salmo marmoratus), grayling 108 

(Thymallus thymallus) and European bullhead (Cottus gobio). For this reason, the SCI (Sites of 109 

Community Importance) Stura di Demonte (Code IT1160036) was established according to the EU 110 

43/1992 Directive (“Habitat Directive”) to protect the most conserved river stretch, which includes 111 

four municipalities between the villages of Demonte and Roccasparvera. The study area was located 112 

downstream of the Roccasparvera Dam (44.340256°, 7.440539°; Fig. 1), which was built in 1957 and 113 

subsequently acquired by the Italian power company, Enel Green Power, in March 1963. 114 

Roccasparvera is a 13 m concrete overflow dam, with a slightly arched planimetric course and a total 115 

capacity of 0.580 x 106 m³. The land use of the watershed is dominated by forests (48%), followed 116 

by pastures (39%) and rocky areas (10.8%), while the urbanized and agricultural areas account for 117 

only for 1.4% and 0.8%, respectively.   118 

 119 

Sedimentation and dam operations 120 

Due to a safety-related emergency, in January 2016, a sudden and rapid depletion in the volume of 121 

water in the reservoir was necessary. On 7th January at 10:15 AM, the sluice gates on the dam were 122 

opened, allowing the water to flush at 5.4 m3 s-1; the discharge was progressively increased to 13.7 123 

m3 s-1 (at 02:45 PM), and was successively reduced until the reservoir was empty at the end of the 124 

flushing event on 8th January 2016 at 02:00 AM (4.5 m3s-1). During flushing, water turbidity, 125 

suspended solids concentration (SSC), water temperature, dissolved oxygen (DO), pH, and electric 126 

conductivity were monitored continually by Enel Green Power at the station ROC1 (44.338820°, 127 

7.448782°), located 0.7 km downstream. This event produced a significant environmental impact, 128 

with a massive layer of sediments being accumulated for almost 8 km downstream of the dam 129 

(personal observations). These sediments filled the river bed of the Stura and numerous irrigation 130 

canals, completely transforming their morphology. Enel Green Power and the local environmental 131 

authority (Province of Cuneo) agreed on a recovery strategy aimed at accelerating the removal of 132 

sediment from the impacted reach. Since such a large amount of sediment would have taken many 133 

years to disperse with normal flows, sudden water releases (artificial flash floods) were implemented 134 

on two occasions (18th and 25th May 2016; Table 1), which increased erosion and transport in the 135 



downstream section. In both circumstances, they started at 10:30 AM and consisted of a progressive 136 

increase of released water every 5 minutes: from 10 m3 s-1 to 41 m3 s-1. This latter condition was kept 137 

constant until 01:00 PM and then the volume of sluiced water was progressively reduced. 138 

 139 

Sampling design 140 

Benthic macroinvertebrate samples were collected in ten surveys from December 2015 (i.e., pre-141 

impact) to December 2017 (Table 1). Ten quantitative samples were collected randomly in each 142 

survey, using a Surber sampler (250 μm mesh size; 0.062 m2 area). Organisms were counted in the 143 

laboratory and identified to the family level using taxonomic keys (Campaioli et al. 1994; 1999). 144 

 145 

Statistical analysis 146 

Statistical analysis was performed using R (R Development Core Team 2017). Changes in the 147 

composition and structure of benthic invertebrate communities throughout the study were visually 148 

evaluated using Principal Coordinate Analysis (PCoA). A Bray-Curtis similarity matrix was used for 149 

multivariate ordination of the samples, while a Permutational Analysis of Variance (PERMANOVA) 150 

was applied to test significant effects of the “sampling session” on the composition and structure of 151 

benthic invertebrate communities. These analyses were carried out with the functions “vegdist”, 152 

“betadisper” and “adonis” of the R package vegan (Oksanen et al. 2015). Univariate analysis was 153 

then performed to detect the specific impacts of the sediment release and the temporal recovery of 154 

macroinvertebrate communities. Four different community metrics were considered, namely total 155 

taxa richness, total density of macroinvertebrates (Ind m-2), EPT (Ephemeroptera, Plecoptera and 156 

Trichoptera) richness and EPT density. Each Surber sample was considered as a replicate, and prior 157 

to performing regression models outliers were removed using the method of Zuur et al. (2010) for 158 

data exploration. Generalized Additive Models (GAMs) were employed to test the non-linear 159 

response of the selected community compared to time in days from the sediment release; for this 160 

operation, negative values were assigned to the pre-impact data (9th December 2015). All the GAMs 161 

were carried out using the “gam” function of the mgcv R package (Wood and Wood 2015) and 162 

applying a Poisson distribution. A negative binomial distribution was then applied in case of 163 

overdispersion.  164 

Finally, our data were analyzed in the context of river quality assessment, comparing the performance 165 

of two selected indexes, namely the STAR_ICMi and the multi-metric index proposed by Doretto et 166 

al. (2018). The former was originally developed as a calibration tool in the context of the Water 167 



Framework Directive (EU 60/2000 Directive), and is currently the official biomonitoring index 168 

provided by Italian regulations to classify the ecological status of running waters. STAR_ICMi is a 169 

multi-metric index composed of six community metrics, belonging to three categories (i.e. diversity, 170 

abundance, and sensitivity/tolerance). The weighted values of these metrics are aggregated in the 171 

STAR_ICMi index, and the final score is obtained by the ratio between the observed and the reference 172 

value (for details see Bo et al. 2017). The latter instead represents a recently proposed multi-metric 173 

index using benthic invertebrates designed to detect the impacts of river siltation. This index includes 174 

two diversity metrics (i.e., total taxa and EPT richness) and a functional metric (i.e., the abundance 175 

of taxa preferring shallow, fast-flowing water with coarse substrates: Ecological Group A sensu 176 

Usseglio-Polatera et al. 2000). Compared to the STAR_ICMi, which is generic, the multi-metric 177 

index is a stressor-specific tool designed to assess the effects of siltation (for further details see 178 

Doretto et al. 2018). These indexes were calculated for each sampling occasion, pooling together the 179 

ten macroinvertebrate samples collected on that date. The temporal trends of the selected indexes 180 

were thereby compared to evaluate which method provided the best performance in relation to the 181 

sediment release. 182 

 183 

Results 184 

 185 

Sediment and water chemistry parameters 186 

The flushing operations dramatically altered the physical and chemical parameters of the water, with 187 

the greatest changes occurring during the night between 7th and 8th January 2016 (Fig. 2). An 188 

exponential increase in SSC was documented; the SSC varied from 0.00 before the flushing to 10 mg 189 

L-1 at the end of the operation (mean = 12.07 mg L-1), with intermediate peaks. The highest level of 190 

SSC occurred on 8th January from 00:00 AM to 10:00 AM; during this period the SSC was 191 

consistently higher than 20 mg L-1, reaching a peak of 31.05 mg L-1 (Fig. 2a). A very similar trend 192 

was also observed for the turbidity, as this parameter was highly correlated with the SSC. From the 193 

onset to the end of the flushing operations, the water turbidity increased from 0.80 to 2160 NTU, 194 

reaching a maximum value of 6209 NTU (mean = 2413 NTU). During the most intense phase of 195 

flushing, the turbidity was higher than 4300 NTU (Fig. 2b). Water temperature varied from 3.80 to 196 

5.28 °C (mean = 4.26°C) but a sharp decline was recorded between 7:15 PM and 09:15 PM, when 197 

the water temperature dropped to 0.26 °C, but then abruptly increased again (Fig. 2c) possibly due to 198 

a thermal stratification of the impounded reach. The DO concentration markedly reduced during the 199 



monitored period from 12.50 mg L-1 at the beginning of the operations to 5.01 mg L-1 at 02:00 AM 200 

(Fig. 2d). DO then slowly increased again, reaching a value of 7.09 mg L-1 at the end of the operations 201 

(mean = 8.90 mg L-1). A similar temporal trend was also observed for the pH (Fig. 2e), which varied 202 

from 8.20 to 7.14 (mean = 7.70). Around 01:00 AM, the pH dropped to 7.17 and then remained 203 

relatively constant until the end of the flushing activity. Finally, marked oscillations were observed 204 

in relation to the electric conductivity over the monitored period (Fig. 2f). This parameter varied from 205 

447 µS cm-1 at the beginning of the operations to 483 µS cm-1 at the end (mean = 421 µS cm-1). 206 

However, the lowest and highest values were 225 and 502 µS cm-1, respectively.  207 

 208 

Benthic invertebrates 209 

We collected 7,860 organisms belonging to 38 families from nine different systematic groups. Diptera 210 

and Trichoptera were the orders with the highest number of families, nine and eight, respectively, 211 

whereas Gastropoda, Crustacea and Triclada were each represented by only one family. The number 212 

of taxa per sample ranged from 1 to 21 (mean = 9), while the total density of benthic invertebrates 213 

ranged from 40 to 8440 Ind m-2 (mean = 1638 Ind m-2). Mayflies - Heptageniidae and Baetidae - as 214 

well as dipteran larvae of the families Chironomidae and Simuliidae were the most abundant taxa.   215 

PCoA ordination of the samples depicted a clear temporal shift in the composition and structure of 216 

benthic invertebrate communities (Fig. 3) and PERMANOVA results showed a significant effect of 217 

the sampling occasion (F9,86 = 9.9; P < 0.001). Compared to the pre-impact situation (i.e. 2015.12.09), 218 

the communities just after the sediment release were significantly different in terms of composition 219 

and structure, and oriented at the right side of the plot. The macroinvertebrate communities slowly 220 

approached the pre-impact community levels only after both of the flash floods (from 2016.07.22 221 

onward), reaching full overlap with the pre-flushing community on the last sampling occasion (i.e. 222 

2017.12.12, nearly 2 years later).   223 

Results of the multivariate analysis were confirmed and further strengthened by those of the GAMs 224 

(Table 2). The sediment release and consequent flash floods significantly reduced the total taxa 225 

richness, which showed a unimodal pattern with a negative peak around 150 days after the sediment 226 

release (Fig. 4a). Taxa richness then progressively recovered over time, reaching values comparable 227 

to pre-impact levels after 600 days. The combined effects of sedimentation and flash floods also 228 

resulted in a similar temporal pattern for the EPT richness (Fig. 4b). Prior to impact, the average 229 

number of EPT families was ten, which subsequently dropped to three after the sedimentation event 230 

and to one after the flash floods. Again, the results of the model showed a progressive increase in the 231 



EPT richness over time, with an almost complete recovery after 600 days. Conversely, GAMs 232 

illustrated very fluctuating patterns in the density of benthic invertebrates. Both the total (Fig. 4c) and 233 

the EPT density (Fig. 4d) showed a dramatic depletion after the sediment release as well as the flash 234 

floods. However, compared to the taxa and EPT richness, both these two events were followed by 235 

peaks in density. A less pronounced decrease was also observed after 400 days, and then both the 236 

total and EPT density increased again to nearly pre-impact values. It is interesting to note that these 237 

marked temporal fluctuations were mainly driven by the extremely high abundance of Baetidae (Fig. 238 

5a), Chironomidae (Fig. 5b) and Simuliidae (Fig. 5c) specimens during the first post-release sampling 239 

occasions (Table 2). Thus, the specific response of these few taxa accounted for the observed results 240 

for the total and EPT density.  241 

 242 

Biomonitoring indexes 243 

The two biomonitoring indexes for assessing the impact of the sediment release from the 244 

Roccaspervera dam gave different responses (Fig. 6). The STAR_IMCi (Fig. 6a) on the pre-impact 245 

sampling occasion was 1.1 and then decreased as a consequence of the sedimentation event and flash 246 

floods. However, these changes only corresponded to a slight deterioration in the water quality 247 

classification, which shifted from High to Good and only dropped to Scarce on the sampling occasion 248 

2016.06.06 (i.e., after the second flash flood, STAR_ICMi = 0.25). After the artificial floods, the 249 

index increased, ranging from 0.80 to 1.15, and it reached the High quality class on the last two 250 

sampling occasions (i.e. after 475 days). Overall, the STAR_ICMi detected a change in the water 251 

quality class, but this only resulted in a shift from High to Good for most of the recovery period, with 252 

the exception of the sampling occasion 2016.06.06. Conversely, the temporal variation of the multi-253 

metric index for siltation proposed by Doretto et al. (2018) depicted a different temporal pattern (Fig. 254 

6b). From the pre-impact value of 0.83, this index dropped markedly after the sediment release (0.33) 255 

and the flash floods, achieving a minimum value of 0 on the sampling occasion 2016.06.06. The index 256 

then increased over time, reaching full recovery on the last sample date. Compared to the 257 

STAR_ICMi, this stressor-specific index showed a more pronounced variation between the pre-258 

impact value and that recorded just after the sediment release. Moreover, the temporal pattern of this 259 

index was more similar to the community metrics, especially taxa richness. 260 

 261 

Discussion 262 



Although several studies have documented the effects of sediment releases from dams, long-term 263 

series encompassing pre-impact data and multi-year sampling campaigns, like this study, are rare. 264 

Usually, flushing operations are programmed over long periods of time, and carried out by alternating 265 

sediment and water pulses between the day-time and night-time, or by providing volumes of diluting 266 

water from adjacent reservoirs (Crosa et al. 2010; Espa et al. 2013; 2015). These practices allow 267 

minimization of the ecological impacts of excessive releases of sediments and facilitate the recovery 268 

of aquatic communities.  269 

Unfortunately, adopting these approaches is not always possible according to the specific features of 270 

the dam and the magnitude of the related impacts. The sediment flushing from the Roccasparvera 271 

dam, documented in this study, was concentrated in a short period (from 7th January at 10:15 AM to 272 

8th January at 02:00 AM). In just a few hours, drastic alterations of all the main physical and chemical 273 

attributes of water were detected; for example, the SSC and turbidity were in the range of three orders 274 

of magnitude greater than before the sediment release. At the same time, a dramatic reduction in the 275 

concentration of DO and pH was observed. Similar changes have been documented by other authors 276 

in relation to flushing events (Gray and Ward 1982; Peter et al. 2014; Khakzad and Elfimov 2015, 277 

Espa et al. 2016) and have led to a strong impact on benthic invertebrate assemblages. We found a 278 

temporal shift in the composition of communities; pre-impact macroinvertebrate communities were 279 

mainly composed of EPT taxa, while after the sediment release and flash floods, the number of taxa 280 

belonging to these orders was significantly reduced. Our results corroborate other studies carried out 281 

in the Alpine area (Espa et al. 2013; Peter et al. 2014; Martín et al. 2017). More profound effects were 282 

evident when macroinvertebrate density was considered, with a collapse of the total and EPT density 283 

due to the sediment release, which was exacerbated with the flash floods. Similar results were also 284 

observed by other authors (Doeg and Khoen 1994; Quadroni et al. 2016); for example, Crosa et al. 285 

(2010) studied the ecological consequences of a reservoir flushing in an Italian alpine stream. They 286 

found the density of invertebrates dropped, on average, from 2000 to 100 Ind m-2. In our study, 2 287 

years were necessary to achieve full recovery of the benthic communities to their pre-impact taxa 288 

richness and density of macroinvertebrates. However, taxa richness recovered slowly and 289 

progressively, while there was a fluctuating response of density. The extremely high abundance and 290 

dominance of few generalist taxa, such as Baetidae, Chiromomidae and Simuliidae, may account for 291 

the temporal pattern observed for density. Several authors have demonstrated that these families are 292 

early colonists and tend to be dominant during the first phases of post-disturbance recolonization, 293 

including experimental floods from reservoirs (Otermin et al. 2002; Robinson at al. 2004). Compared 294 

to our results, a faster post-flushing recovery of macroinvertebrate communities has been documented 295 

in other studies (Crosa et al. 2010; Espa et al. 2013; 2016). This delayed recovery pattern could be 296 



explained by the fact that the flash floods were performed 5 months after the sedimentation event. 297 

However, we postulate that, in the long-term, these artificial treatments contribute to restoring the 298 

natural habitat for benthic invertebrates, facilitating the recovery of communities.  299 

Another possible factor that could account for the full community recovery is the overall pristine 300 

conditions of the investigated stream, which was reflected by the excellent pre-impact ecological 301 

status of the sampled reach. As expected, the sedimentation process produced a deterioration of the 302 

water quality, but this mainly consisted in a shift from High to Good, even when the river bottom was 303 

buried by a large amount of fine sediment (personal observation) and the density and richness of 304 

benthic invertebrates were highly reduced. The water quality further dropped to Scarce as an 305 

immediate consequence of the flash floods. Although these operations were successful in removing 306 

the fine sediment and promoting long-term recovery, they initially induced stressful conditions for 307 

benthic invertebrates, dislodging them from the substrate. This may account for the low water quality 308 

on that occasion, after which the water quality quickly re-established to Good and then High. In 309 

particular, despite the temporary worsening of the biological quality after the flash floods, we believe 310 

that this treatment had a considerable importance overall, because large amounts of sediment were 311 

removed, which would have taken much longer to disperse naturally, thus the biological recovery 312 

process was accelerated. The limited performance of STAR_ICMi was not completely unexpected 313 

since it is a generic multi-metric index, as confirmed by other authors who obtained similar results 314 

when assessing the impacts of sedimentation from dams (Espa et al. 2015; 2016). On the contrary, 315 

the performance of the index for siltation recently proposed by Doretto et al. (2018) offered 316 

interesting results, although no ecological classification has been provided yet. Nevertheless, when 317 

looking at the temporal trend of the index, it was more reliable than the STAR_ICMi in detecting the 318 

effects of disturbance in relation to both the sedimentation release and the flash floods. Quadroni at 319 

al. (2016) evaluated the consequences of sediment flushing in an Alpine stream and stated that the 320 

STAR_ICMi can underestimate impacts, resulting in an imprecise water quality assessment. This is 321 

the first time that our stressor-specific index has been tested using an independent dataset. Overall, 322 

its performance offered promising applications and confirmed the useful role of macroinvertebrates 323 

as bioindicators for running waters (Rosenberg and Resh 1993; Buss et al. 2015). Moreover, the 324 

combination of taxonomical and functional metrics considered here appears very successful for 325 

detecting the specific effects of siltation, and this supports the adoption of functional groups for river 326 

biomonitoring (Merritt et al. 2015).  327 

While several solutions have been proposed in relation to the timing of the sluiced water and the 328 

amount of flushed fine sediment, such as thresholds in the SSC and discharge, the development of 329 

stressor-specific methods based on the biota response still remains unexplored (Crosa et al. 2010; 330 



Quadroni et al. 2016). Our report therefore offers the application of a diagnostic biomonitoring tool 331 

designed to evaluate the specific impacts associated with siltation. Since the number of reservoirs and 332 

dams is predicted to increase in the near future (Fox et al. 2016; Van Cappellen and Maavara 2016), 333 

developing science-based biomonitoring and management tools is an important challenge for river 334 

ecologists and managers. 335 

 336 

Acknowledgements 337 

The authors wish to thank AECOM and Enel Green Power for their collaboration and sharing of data 338 

about the sedimentation event. We are very grateful to Elena Piano and Radhika Srinivasan for their 339 

assistance during data analysis and linguistic revision respectively. We would also like to 340 

acknowledge the Province of Cuneo (Settore Presidio del Territorio – Ufficio polizia locale faunistico 341 

ambientale) for their useful assistance. This work was supported by “Italian Mountain Lab”. 342 

 343 

References 344 

Annandale, G. (2013). Quenching the thirst, sustainable water supply and climate change. North 345 

Charleston, SC: CreateSpace Independent Publishing Platform.  346 

Arheimer, B., Donnelly, C., & Lindström, G. (2017). Regulation of snow-fed rivers affects flow 347 

regimes more than climate change. Nature communications, 8(1), 62.  348 

Auel, C., & Boes, R. M. (2011). Sediment bypass tunnel design–review and outlook. In A. J.  349 

Bilotta, G. S., & Brazier, R. E. (2008). Understanding the influence of suspended solids on water 350 

quality and aquatic biota. Water Research 42(12), 2849–2861.  351 

Bo, T., Fenoglio, S., Malacarne, G., Pessino, M., & Sgariboldi, F. (2007). Effects of clogging on 352 

stream macroinvertebrates: an experimental approach. Limnologica 37(2), 186–192.  353 

Bo, T., Doretto, A., Laini, A., Bona, F., & Fenoglio, S. (2017). Biomonitoring with macroinvertebrate 354 

communities in Italy: what happened to our past and what's the future? Journal of Limnology, 76(s1), 355 

21–28.  356 

Brandt, S. A. (2000). Classification of geomorphological effects downstream of dams. Catena, 40(4), 357 

375–401.  358 



Buss, D. F., Carlisle, D. M., Chon, T. S., Culp, J., Harding, J. S., Keizer-Vlek, H. E., Robinson, W. 359 

A., Strachan, S., Thirion, C., & Hughes, R. M. (2015). Stream biomonitoring using 360 

macroinvertebrates around the globe: a comparison of large-scale programs. Environmental 361 

Monitoring and Assessment 187(1), 4132.  362 

Campaioli, S., Ghetti, P. F., Minelli, A., & Ruffo, S. (1994). Manuale per il riconoscimento dei 363 

macroinvertebrati delle acque dolci italiane (Vol. I). Trento, IT: Provincia Autonoma di Trento.  364 

Campaioli, S., Ghetti, P. F., Minelli, A, & Ruffo, S. (1999). Manuale per il riconoscimento dei 365 

macroinvertebrati delle acque dolci italiane (Vol. II). Trento, IT: Provincia Autonoma di Trento.  366 

Crosa, G., Castelli, E., Gentili, G., & Espa, P. (2010). Effects of suspended sediments from reservoir 367 

flushing on fish and macroinvertebrates in an alpine stream. Aquatic Sciences, 72(1), 85–95.  368 

Doretto, A., Piano, E., Bona, F., & Fenoglio, S. (2018). How to assess the impact of fine sediments 369 

on the macroinvertebrate communities of alpine streams? A selection of the best metrics. Ecological 370 

Indicators, 84, 60–69.  371 

Espa, P., Castelli, E., Crosa, G., & Gentili, G. (2013). Environmental effects of storage preservation 372 

practices: controlled flushing of fine sediment from a small hydropower reservoir. Environmental 373 

management, 52(1), 261–276.  374 

Espa, P., Crosa, G., Gentili, G., Quadroni, S., & Petts, G. (2015). Downstream ecological impacts of 375 

controlled sediment flushing in an Alpine valley river: a case study. River Research and Applications, 376 

31(8), 931–942.  377 

Espa, P., Brignoli, M. L., Crosa, G., Gentili, G., & Quadroni, S. (2016). Controlled sediment flushing 378 

at the Cancano Reservoir (Italian Alps): management of the operation and downstream environmental 379 

impact. Journal of Environmental Management, 182, 1–12.  380 

Fox, G. A., Sheshukov, A., Cruse, R., Kolar, R. L., Guertault, L., Gesch, K. R., & Dutnell, R. C. 381 

(2016). Reservoir sedimentation and upstream sediment sources: Perspectives and future research 382 

needs on streambank and gully erosion. Environmental Management, 57(5), 945-955.  383 

Gangloff, M. M. (2013). Taxonomic and ecological tradeoffs associated with small dam removals. 384 

Aquatic Conservation: Marine and Freshwater Ecosystems, 23(4), 475–480.  385 

Graf, W. L. (2006). Downstream hydrologic and geomorphic effects of large dams on American 386 

rivers. Geomorphology, 79(3), 336–360.  387 



Grant, G. E., & Lewis, S. L. (2015). The remains of the dam: What have we learned from 15 years of 388 

US dam removals? In Lollino G., Marconi A., Locat J., Huang Y., Canals Artigas M. (Ed.) 389 

Engineering Geology for Society and Territory-Volume 3 (pp. 31–35). Cham: Springer.  390 

Gray, L. J., & Ward, J. V. (1982). Effects of sediment releases from a reservoir on stream 391 

macroinvertebrates. Hydrobiologia, 96(2), 177-184.  392 

Guareschi S., Laini A., Racchetti E., Bo T., Fenoglio S., & Bartoli M. (2014). How 393 

hydromorphological constraints and regulated flows govern macroinvertebrate communities along an 394 

entire lowland river. Ecohydrology, 7, 366–377.  395 

Izagirre, O., Serra, A., Guasch, H., & Elosegi, A. (2009). Effects of sediment deposition on periphytic 396 

biomass, photosynthetic activity and algal community structure. Science of the Total Environment, 397 

407(21), 5694–5700.  398 

Jones, J. I., Murphy, J. F., Collins, A. L., Sear, D. A., Naden, P. S., & Armitage, P. D. (2012). The 399 

impact of fine sediment on macro invertebrates. River Research and Applications, 28(8), 1055– 1071.  400 

Jones, J. I., Duerdoth, C. P., Collins, A. L., Naden, P. S., & Sear, D. A. (2014). Interactions between 401 

diatoms and fine sediment. Hydrological Processes, 28(3), 1226–1237.  402 

Kemp, P., Sear, D., Collins, A., Naden, P., & Jones, I. (2011). The impacts of fine sediment on 403 

riverine fish. Hydrological Processes, 25(11), 1800–1821.  404 

Khakzad, H., & Elfimov, V. I. (2015). A Review of Environmental Characteristics and Effects of Dez 405 

Dam Flushing Operation on Downstream. Environmental Practice, 17(3), 211–232.  406 

Kondolf, G. M. (1997). Hungry water: effects of dams and gravel mining on river channels. 407 

Environmental Management, 21(4), 533–551.  408 

Kondolf, G. M., Gao, Y., Annandale, G. W., Morris, G. L., Jiang, E., Zhang, J., Carling, P., Fu., K., 409 

Guo, Q., Hotchkiss, R., Peteuil, C., Sumi, T., Wang, H. W., Wang, Z., Wei, Z., Wu, B., & Yang, C. 410 

T. (2014). Sustainable sediment management in reservoirs and regulated rivers: Experiences from 411 

five continents. Earth’s Future, 2(5), 256–280.  412 

Martín, E. J., Doering, M., & Robinson, C. T. (2017). Ecological Assessment of a Sediment By pass 413 

Tunnel on a Receiving Stream in Switzerland. River Research and Applications, 33(6), 925– 936.  414 

Mebane, C. A., 2001. Testing bioassessment metrics: macroinvertebrate, sculpin, and salmonid 415 

responses to stream habitat, sediment, and metals. Environmental Monitoring and Assessment, 67(3), 416 

293–322.  417 



Merritt, R. W., Fenoglio, S., & Cummins, K. W. (2016). Promoting a functional macroinvertebrate 418 

approach in the biomonitoring of Italian lotic systems. Journal of Limnology, 76(s1), 5–8.  419 

Morris, G. L., & Fan, J. (1998). Reservoir sedimentation handbook: design and management of dams, 420 

reservoirs, and watersheds for sustainable use. New York: McGraw Hill Professional.  421 

Olden, J. D. (2016). Challenges and opportunities for fish conservation in dam-impacted waters. 422 

Cambridge: Cambridge University Press.  423 

O'Connor, J. E., Duda, J. J., & Grant, G. E. (2015). 1000 dams down and counting. Science, 424 

348(6234), 496–497.  425 

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin, P. R., 426 

O'Hara, R. B., Simpson, G. L., Solymos, P., Stevens, M. H. H., Szoecs, & E.,Wagner, H. (2015). 427 

Vegan: Community Ecology Package. R Package Version 2.2-1.    428 

Otermin, A., Basaguren, A., & Pozo, J. (2002). Re-colonization by the macroinvertebrate community 429 

after a drought period in a first-order stream (Agüera Basin, Northern Spain). Limnetica, 21, 117–430 

128.  431 

Owens, P. N., Batalla, R. J., Collins, A. J., Gomez, B., Hicks, D. M., Horowitz, A. J., Kondolf, G. 432 

M., Marden, M., Page, M. J., Peacock, D. H., Petticrew, E. L., Salomons, W., & Trustrum, N. A. 433 

(2005). Fine grained sediment in river systems: environmental significance and management issues. 434 

River Research and Applications, 21(7), 693–717.  435 

Peter, D. H., Castella, E., & Slaveykova, V. I. (2014). Effects of a reservoir flushing on trace metal 436 

partitioning, speciation and benthic invertebrates in the floodplain. Environmental Science: Processes 437 

& Impacts, 16(12), 2692–2702.  438 

Quadroni, S., Brignoli, M. L., Crosa, G., Gentili, G., Salmaso, F., Zaccara, S., & Espa, P. (2016). 439 

Effects of sediment flushing from a small Alpine reservoir on downstream aquatic fauna. 440 

Ecohydrology, 9(7), 1276–1288.  441 

Quiñonero Rubio, J. M., Nadeu, E., Boix Fayos, C., & Vente, J. (2016). Evaluation of the 442 

Effectiveness of Forest Restoration and Check Dams to Reduce Catchment Sediment Yield. Land 443 

Degradation & Development, 27(4), 1018–1031.  444 

R Development Core Team, 2017. R: a language and environment for statistical computing. R 445 

Foundation for Statistical Computing. Vienna, Austria.  446 



Robinson, C. T., Uehlinger, U., & Monaghan, M. T. (2003). Effects of a multi-year experimental 447 

flood regime on macroinvertebrates downstream of a reservoir. Aquatic Sciences, 65(3), 210–222.  448 

Robinson, C. T., Uehlinger, U. R. S., & Monaghan, M. T. (2004). Stream ecosystem response to 449 

multiple experimental floods from a reservoir. River Research and Applications, 20(4), 359–377.  450 

Robinson, C. T. (2012). Long term changes in community assembly, resistance, and resilience 451 

following experimental floods. Ecological Applications, 22(7), 1949–1961.  452 

Rosenberg, D. M., & Resh, V. H. (1993). Freshwater Biomonitoring and Benthic Macroinvertebrates. 453 

Boston: Kluwer Academic Publishers.  454 

Rothenberger, M. B., Hoyt, V., Germanoski, D., Conlon, M., Wilson, J., & Hitchings, J. (2017). A 455 

risk assessment study of water quality, biota, and legacy sediment prior to small dam removal in a 456 

tributary to the Delaware River. Environmental Monitoring and Assessment, 189(7), 344.  457 

Sear, D. A., Jones, J. I., Collins, A. L., Hulin, A., Burke, N., Bateman, S., Pattison, I., & Naden, P. S. 458 

(2016). Does fine sediment source as well as quantity affect salmonid embryo mortality and 459 

development? Science of the Total Environment, 541, 957–968.  460 

Sumi, T., & Kantoush, S. A. (2010). Integrated management of reservoir sediment routing by 461 

flushing, replenishing, and bypassing sediments in Japanese river basins. Proceedings of the 8th 462 

International Symposium on Ecohydraulics, Seoul, Korea, 831– 838.  463 

Tang, Q., Bao, Y., He, X., Fu, B., Collins, A. L., & Zhang, X. (2016). Flow regulation manipulates 464 

contemporary seasonal sedimentary dynamics in the reservoir fluctuation zone of the Three Gorges 465 

Reservoir, China. Science of the Total Environment, 548, 410–420.  466 

Usseglio Polatera, P., Bournaud, M., Richoux, P., & Tachet, H. (2000). Biological and ecological 467 

traits of benthic freshwater macroinvertebrates: relationships and definition of groups with similar 468 

traits. Freshwater Biology, 43(2), 175–205.  469 

Van Cappellen, P., & Maavara, T. (2016). Rivers in the Anthropocene: global scale modifications of 470 

riverine nutrient fluxes by damming. Ecohydrology & Hydrobiology, 16(2), 106–111.  471 

Vorosmarty, C. J., M. Meybeck, B. Fekete, K. Sharma, P. Green, and J. P. M. Syvitski (2003), 472 

Anthropogenic sediment retention: major global impact from registered river impoundments, Global 473 

and Planetary Change, 39, 169–190.  474 

WCD (2000). World Commission on Dams - Dams and Development: A New Framework for 475 

Decision-making: the Report of the World Commission on Dams. London: Earthscan.  476 



White, R. (2001). Evacuation of sediments from reservoirs. London: Thomas Telford Ltd.  477 

Wood, P. J., & Armitage, P. D. (1997). Biological effects of fine sediment in the lotic environment. 478 

Environmental Management, 21(2), 203–217.  479 

Wood, S., & Wood, M. S. (2015). Package ‘mgcv’. R package version, 1–7.  480 

Zarfl, C., Lumsdon, A. E., Berlekamp, J., Tydecks, L., & Tockner, K. (2015). A global boom in 481 

hydropower dam construction. Aquatic Sciences, 77(1), 161–170.  482 

Zuur, A. F., Ieno, E. N., & Elphick, C. S. (2010). A protocol for data exploration to avoid common 483 

statistical problems. Methods in Ecology and Evolution, 1(1), 3–14. 484 

  485 



Tables 486 

 487 

Table 1 Sampling scheme: Date = date, Label = labels used in the statistical analysis 488 

(year.month.day), Activity = data and information associated to each date 489 

Date  Label  Activity  

9th December 2015  2015.12.09  Pre-impact data  

7th - 8th January 2016  -  Sediment flushing   

23rd March 2016  2016.03.23  Benthic invertebrates sampling   

17th May 2016  2017.05.17  Benthic invertebrates sampling  

18th May 2016  -  First flash flood event  

24th May 2016  2016.05.24  Benthic invertebrates sampling  

25th May 2016  -  Second flash flood event  

06th June 2016  2016.06.06  Benthic invertebrates sampling  

22nd July 2016  2016.07.22  Benthic invertebrates sampling   

09th December 2016  2016.12.09  Benthic invertebrates sampling   

15th March 2017  2017.03.15  Benthic invertebrates sampling   

27th April 2017  2017.04.27  Benthic invertebrates sampling   

12th December 2017  2017.12.12  Benthic invertebrates sampling   

 490 

  491 



Table 2 Statistics of the Generalized Additive Models: Est = estimate, SE = standard error, z = z-492 

value, P = p-value, Χ 2 = Chi-square 493 

Metric 
Intercept   Smooth 

Est SE z P    Χ 2 P 

Taxa richness 2.124 0.037 57.080 < 0.001  146.900 < 0.001 

Total density 6.721 0.047 143.900 < 0.001  698.100 < 0.001 

EPT richness 1.426 0.054 26.530 < 0.001  122.900 < 0.001 

EPT density 5.781 0.047 121.900 < 0.001  893.600 < 0.001 

Baetidae density 4.118 0.054 76.180 < 0.001  821 < 0.001 

Chironomidae density 4.980 0.048 102.900 < 0.001  915 < 0.001 

Simuliidae density 3.667 0.053 68.790 < 0.001  1173 < 0.001 

 494 

  495 



Figure captions 496 

 497 

Fig. 1 Area of study: the Stura di Demonte watershed and the investigated stream reach  498 

  499 

 Fig. 2 Values of: a concentration of suspended solids (SSC), b turbidity, c water temperature, d 500 

concentration of dissolved oxygen (DO), e pH and f conductivity measured at the ROC1 station 501 

during the sedimentation release from the Roccasparvera dam  502 

  503 

Fig. 3 Principal Coordinate Analysis (PCoA) ordination plots based on the dissimilarity matrices 504 

(Bray-Curtis). Symbols represent the benthic community samples collected in each sampling 505 

occasion (year.month.day). The grey lines link each sample with its corresponding centroid (black 506 

dots)  507 

  508 

Fig. 4 Representation of the GAM smoother applied to time interacting with the community metrics: 509 

a total taxa richness, b EPT richness, c total density and d EPT density. The black line represents the 510 

smoothed function (i.e. s(Time, degrees of freedom)), while the grey area indicates the 95% 511 

confidence interval. Black vertical line indicates the sediment flushing, while the dotted vertical lines 512 

represent the two artificial floods. Grey tics on the x-axis represent the sampling occasions 513 

 514 

Fig. 5 Representation of the GAM smoother applied to time interacting with the density of: a 515 

Baetidae, b Chironomidae and c Simuliidae. The black line represents the smoothed function (i.e. 516 

s(Time, degrees of freedom)), while the grey area indicates the 95% confidence interval. Black 517 

vertical line indicates the sediment flushing, while the dotted vertical lines represent the two artificial 518 

floods. Grey tics on the x-axis represent the sampling occasions 519 

  520 

Fig. 6 Bars indicate the values of a the STAR_ICM index and b the sedimentation index (Doretto et 521 

al. 2018) calculated for each sampling occasion (year.month.day)  522 

 523 


