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Two-year assessment of the effects
of controlled sediment flushing

on stream habitats and biota

at reach scale

Silvia Quadroni®**, Livia Servanzi®?, Giuseppe Crosa®* & Paolo Espa®?

Controlled sediment flushing operations (CSFOs) allow to recover reservoirs storage loss while
rebalancing the sediment flux interrupted by dams but, at the same time, may cause unacceptable
ecological impact. In this study, we investigated the responses of the food web of an upland stream to
a CSFO, focusing on the effects of fine sediment deposition detected in three different mesohabitats,
i.e., a pool, ariffle, and a step-pool. The field campaign lasted two years and included repeated
measurements of fine sediment deposits, and sampling of periphyton, benthic macroinvertebrates
and fishes. A moderate and patchy deposition occurred due to the CSFO with short and medium-term
ecological impact on the lower trophic levels of the food web, which may affect the whole ecosystem
functioning. The monitoring of all available mesohabitats in the investigated stream allowed to detect
variations in the ecological response to CSFO, providing a more adequate assessment of the impact.
As expected, sedimentation was larger in the pool but, in contrast to our hypotheses, the impact was
lower and the recovery was longer for the benthic organisms inhabiting the riffle. In the case of fishes,
no lethal impact of both brown trout and bullhead was recorded in the short term but the occurrence
of longer lasting effects could not be excluded. To date, this is one of the few studies dealing with a
detailed integrative assessment of the downstream impact of sediment management from reservoir
on both abiotic and biotic components of stream ecosystem.
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The natural sediment flux is severely reduced by dams, causing loss of reservoirs storage and downstream sedi-
ment imbalance, propagating up to the sea shorelines. The awareness that storage provided by reservoirs is a
strategic non-renewable resource, requiring integrated sustainable management to guarantee intergeneration
equity is now firmly accepted worldwide®®. Therefore, improving sediment management in regulated catch-
ments is a global imperative.

The evacuation of fine sediment (d <2 mm’, where d is particle diameter) through the low-level outlets of a
dam after complete drawdown (i.e., “empty flushing” or simply “flushing”"®) is currently performed to tackle res-
ervoirs loss of storage by siltation and is considered a relatively simple and low-priced management alternative®*’.
On the one hand, evacuating fine sediment downstream from reservoirs can rebalance, at least partly, the natural
sediment flux interrupted by dam structures, thus mitigating the drawbacks of sediment trapping by reservoirs
and related habitats loss*!?. However, several issues arise from the sudden increase of sediment load and subse-
quent deposition characterizing the management of reservoir siltation by sediment flushing operations!'2. In
this perspective, sediment sluicing during floods offers improved environmental compatibility though it cannot
always be implemented due to hydrological and technical constraints (e.g., absence of high-capacity low-level
outlets>14),

The increase in sediment loading during flushing can severely affect the biota in river reaches downstream
from the flushed reservoir, at least in the short term'>!>. Consequently, in the last years, attempts to control
sediment flushing operations (i.e., controlled sediment flushing operations—CSFO) in order to limit their down-
stream impact have been performed and documented in the literature'’~*°. In summary (for details see Espa
et al.'!), CSFOs are performed as far as possible according to predefined schedules, setting the time window, the
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duration, and specific thresholds of the sediment concentration in the evacuated waters. These parameters are
determined based on the expected effects of increased sediment loading on selected biological targets (e.g., a
fish species and/or the benthic macroinvertebrate community). Control of the sediment concentration during a
CSFO is a complex task, with several operational difficulties; it is generally achieved by a combined regulation
of bottom sluices opening and water flows and, in some cases, employing mechanical excavators'®?. Real-time
measurements of sediment concentrations are a necessary support to CSFOs and are used to modify the workflow
in case of unexpected results'®. Environmental monitoring and assessment are frequently performed in selected
river reaches subjected to the sediment pulse before/during/after the CSFOs to evaluate impact and recovery
after the desilting works!”1*21:22,

A further key issue when considering the potential drawbacks of sediment flushing is represented by exces-
sive sediment deposition, i.e., severe alteration of channel morphology, in the river reaches downstream from
the flushed reservoir. In addition to compromising possible water use and instream structures’, high sediment
accumulation can threaten the freshwater biota in the medium or long term'>*. In fact, excessive deposition of
fine sediment can impair the entire food web, from algae composing periphyton to benthic macroinvertebrates
and fishes, thus compromising the whole ecosystem functioning?*-?°. Consequently, the extent of downstream
deposition deserves special attention when assessing the environmental effects of CSFOs'2 Depositional patterns
after a sediment pulse may significantly differ between mesohabitats (i.e., relatively homogeneous localized areas
of the channel that differ in morphology, depth, velocity, and substrate characteristics from adjoining areas*®)
due to locally different hydraulic conditions?. In turn, the effects of fine sediment deposits on the biocoenosis
inhabiting different mesohabitats can be different, in particular for bottom-dwelling organisms*-*%. For these
reasons, a thorough assessment of the ecological impact of CSFOs would consider in our opinion possible dif-
ferences between mesohabitats, especially in case of patchy upland streams?.

Although reservoirs desilted by flushing are commonly small to medium sized®', they can have storages
encompassing several orders of magnitude. Accordingly, the river reaches downstream from the flushed reser-
voirs can vary from small mountain streams to large rivers, and consequently the ecological impact of related
sediment pulses can be different. Upland streams, whose fine-sediment loading is intermittent (flow related) and
are generally characterized by coarser substrates and by the presence of more sediment-sensitive species than
large lowland rivers, are likely to display the heavier effects®.

According to available peer reviewed literature, major interest on sediment flushing through reservoirs and
related environmental problems is concentrated in the European Alps!'!1*21353¢ and in Eastern Asia®’~*%, where
discharging sediment downstream is a commonly adopted management strategy, also in very large reservoirs®#>*,
More recently, also as a consequence of the estimated drop in total reservoir capacity of almost 5% (i.e., 40 Gm®)
in the last thirty years, a general rethinking of current approaches is taking place also in the US, with growing
interest towards available sediment management strategies, including flushing®>®. Anyway, further global issues
will likely increase the attention towards sustainable sediment management in regulated river systems over the
next few years. These issues include the increasing demand for regulated water and hydroelectricity, pushing
the construction of new dams and reservoirs*’, and the alteration of rainfall/runoff patterns driven by climate
change, which is predicted to intensify sediment pressures on freshwater ecosystems*®*.

In this paper, we present the results of a detailed field investigation performed in a reach of an upland stream
after a CSFO through a small hydropower reservoir located in the Central Italian Alps. To our knowledge, this
is one of the first attempts to fully describe fine sediment deposition after CSFOs (i.e., amount and temporal
evolution of deposits) and the related responses of the entire food web (i.e., periphyton, benthic macroinverte-
brates and fishes). Moreover, the monitoring activity involved wider spatial and temporal scales compared to
previous studies on the effects of CSFOs'"**2!. In fact, the study reach included three distinct mesohabitats, i.e.,
a pool, a riffle, and a step-pool, which were repeatedly surveyed for two years in order to answer the following
research questions:

(i) How much is the fine sediment settled on/into the superficial substrate of the permanently wetted stre-
ambed? What are the depositional patterns and the temporal dynamics of this deposit? More specifically,
are there significant differences of depositional patterns and temporal dynamics of the deposit between
distinct but contiguous mesohabitats?

(ii) Is there any feedback between differences in sediment deposition and the impact/recovery of the biota
after the CSFO? Are all components of the stream food web comparably affected?

(iii) Do our findings provide useful information for improving management and/or monitoring of CSFOs
in the investigated setting and in comparable contexts?

We note that these research questions have received so far limited attention by the specialized literature®?,
though they play a fundamental role in improving the sustainability of sediment management through dammed
river systems.

Material and methods

Study context

The monitoring campaign was performed downstream from the Valgrosina Reservoir, regularly flushed in the
last years to recover its storage (1.3 Mm?). Here, CSFOs have been carried out almost annually since 2006 (i.e.,
annually from 2006 to 2012, and then in 2014, 2015, and 2018), following a consolidated protocol?*® aimed
at preserving the good ecological status, sensu Water Framework Directive (2000/60/EC), of the aquatic envi-
ronments downstream of the flushed reservoir. The CSFOs took place between August and September over
approximately two weeks. According to the CSFO schedule, suspended sediment concentration (SSC) in the
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downstream watercourse usually increased during daytime up to 10 g L™!, and decreased by one order of mag-
nitude overnight, when the dislodging operations by mechanical equipment were interrupted. SSC averaged
over the whole operation was constrained below the maximum allowed value of 4 g L™, calculated with the
concentration-duration fish response model developed by Newcombe & Jensen®, aiming to limit the mortality
of brown trout Salmo trutta L., i.e., the target species in the study area. Moreover, during the CSFO, the aver-
age water discharge was usually quite close to the mean annual natural flow (4.5 m* s7'). Evacuated sediment,
predominantly silt (0.0039-0.0625 mm), amounted to around 20,000 tons per CSFO.

In this work, we investigated the effects of the CSFO performed from September 10 to 21, 2018. It followed the
mentioned protocol, though the average SSC was slightly above the mentioned threshold (4.65 g L™!), resulting
in 23,400 t of sediment (mostly—80%—composed by silt, see Supplementary Note 1) being evacuated.

Study area

The Valgrosina Reservoir, located at 1,210 m amsl (top of the active pool), is directly supplied by the northern
branch of the Roasco Stream and through a short diversion-channel by the eastern branch. These two branches
join one kilometer downstream from the reservoir, then the stream flows for 7.8 km up to the Adda River, the
main tributary to Lake Como (Fig. 1).

The Roasco is a high gradient (0.08 average slope) confined stream, with large stable boulders, and abrupt
drops. It flows mainly through a deeply incised canyon in predominantly gneissic rocks. Our field investigation,
as well as the control section of the operation, took place along the final 2 km, where the elevation profile is
milder (0.025 to 0.045 slope), and access was suitable and safe (Fig. 1).

The natural catchment (145 km?) at the dam section develops in a mountainous area (3,200 m amsl max
height), lacking significant human activities; nutrient and organic pollution is indeed negligible in the Roasco
Stream®. Additionally, the Valgrosina Reservoir is supplied by a 21—km long tunnel canal, collecting water
from an upstream power station plus some diverted streams®’, and increasing the overall catchment area (i.e.,
natural plus artificially connected) to over 700 km” Accordingly, despite its relatively small storage capacity, the
Valgrosina Reservoir supplies the larger peak energy plant of the area (0.43 GW installed capacity, 600 m effective
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Fig. 1. Plane views of the study area, showing the location of the flushed reservoir and the monitored stream
reach in northern Italy, with pictures taken during the CSFO performed in September 2018. Top right: satellite
imagery from Google Earth Version 7.3.6.9796 (Imagery date: 9/24/2021), accessed on 2/22/2024 (https://earth.
google.com/web/@46.35941266,10.21224767,-22238.90048506a,43264.60491051d,35y,-1.76281336h,9.76106
037t,359.9611r/data=OgMKATA). Bottom: unpublished photographs by authors S. Quadroni & P. Espa.
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head, 80 m® s™! maximum power station discharge), performing regulation of the water volumes coming from
the mentioned canal mostly on a daily scale.

Natural runoff in the catchment is essentially driven by snowmelt during spring and early summer, and by
rainfall, occasionally intense, in summer and autumn. The Valgrosina Dam was completed in 1960, though the
hydropower development of the Roasco Stream dates back to the 1920s, by a small dam located about half a
kilometer below the present dam site. Mandatory seasonally-modulated minimum flows of 0.24-0.41 m? s™" have
been releasing in the Roasco Stream since 2009, and an average streamflow of approximately 1 m? s™! was gauged
at the study reach during 2010-2014, also due to the contribution by the 15 km? unexploited catchment™. The
stream reach downstream from the Valgrosina Dam is therefore a residual-flow reach, characterized by limited
seasonal flow variability, and infrequent flood peaks associated to overspilling of the upstream water-diversion
structures.

As previously introduced, we monitored three mesohabitats (i.e., a pool, a riffle and a step-pool), spaced
each other by 250 m along the study reach (Fig. 2). Cumulative size distributions from Wolman pebble counts
are quite different for the three mesohabitats, particularly for the lower characteristic diameters: d,; was <2, 20
and 11 mm, ds, was 46, 62 and 58 mm, dg, was 231, 248 and 339 mm for pool, riffle and step-pool, respectively.
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Fig. 2. Geometric scales of the three mesohabitats considered in this study (L =length, W, and W, =upstream
and downstream wetted-width, D = average depth measured by sampling at least 15 points at flow rate of

1.2 m*s™), and pictures taken before and on three occasions after the CSFO (unpublished photographs

by authors S. Quadroni & P. Espa). Pie charts above mesohabitat schemes provide visually-assessed

substrate composition for benthic macroinvertebrate sampling (PS =psammal—0.006-2 mm, AK =akal—
0.2-2 cm, MIC=microlithal —2-6 cm, MES = mesolithal—6-20 cm, MAC = macrolithal—20-40 cm,

MGL = megalithal—>40 cm).
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Sampling of fine sediment deposits, periphyton, and benthic macroinvertebrates was performed five days
before (September 5, 2018) and on ten occasions after the CSFO. Specifically, the first post-CSFO survey took
place about two weeks after the flushing (October 8, 2018). The further ones were spaced by time intervals of
two-three months (December 3, 2018 and March 21, July 9, September 12, 2019 for the first post-CSFO year;
October 28, December 9, 2019 and February 10, July 8, September 14, 2020 for the second post-CSFO year). In
order to consider all the biological components of the food web, fish sampling was carried out in the final part
of the investigated reach, both before (August 21, 2018) and, on two occasions, after the CSFO. Post-CSFO fish
sampling occurred less than one month (October 10, 2018) and more than one year after the flushing (January
24, 2020).

Deposition of fine sediment: sampling and analyses

Deposition of fine sediment settled on/into the superficial substrate of the permanently wetted streambed after
the CSFO was quantified by a resuspension technique, following Espa et al.?’. On each sampling occasion,
mesohabitats were sampled in three points, two near the stream edge and one in the center. One sample (1 L) of
turbid water per point was collected keeping a McNeil corer® firmly placed on the streambed, and stirring up
suspendable sediment within the tube®. The water depth within the corer was recorded as well to calculate the
overall water volume. The samples were gravimetrically analyzed by filtering 200 mL on cellulose filters (0.47 pm
pore size) and weighting them after drying in oven at 105 °C for 2 h**. Finally, the mass of fine sediment per unit
area was simply computed by dividing sediment mass (product of SSC and water volume in the corer) by the
cross-sectional area of the corer tube.

Periphyton sampling and analyses

On each sampling occasion, we collected an integrated sample of periphyton per mesohabitat. Five cobbles
were randomly picked up. Periphyton was tooth-brushed from the upper side of the cobbles within two square
areas of 10 cm? each, using a plastic square frame as reference, and then collected in 200 mL water in dark glass
bottles. Samples were preserved at 4 °C and analyzed in the laboratory within 24 h. Each sample was filtered on
a glass-fiber filter (0.7 pm pore size) until the pores were clogged. Then, chlorophyll-a content (mg m™) was
determined through extraction with acetone and spectrophotometric detection®. The values of the chlorophyll-a
content were normalized for the volume filtered.

Benthic macroinvertebrates sampling and analyses

Benthic macroinvertebrates were sampled by Surber sampler with 0.1 m? area and 500 um mesh. A proportional
stratified random sampling was adopted as indicated by the Water Framework Directive (2000/60/EC): specifi-
cally, five subsamples were collected in representative microhabitats, proportionally to their relative abundance
in each mesohabitat (Fig. 2), and then integrated in a single sample per mesohabitat.

Samples were fixed with ethanol (99%) and transported to the laboratory, where invertebrates were sorted,
identified to genus (only Plecoptera and Ephemeroptera, due to easier identification and dichotomous key avail-
ability for Italian benthic macroinvertebrates®>¢) or family (all other taxa) level, and counted. Density (individu-
als m™2) was determined for each taxon. Moreover, for each sampling date, a pool (up to 20 individuals depending
on the size) of each taxon was oven-dried at 80 °C for 24 h, and the dry weight was measured to calculate the
biomass per unit area. When taxa were poorly represented, it was not possible to achieve the minimum number
of individuals necessary to obtain reliable weight estimates on each sampling date, and the average value of the
recorded weights was used.

The following community metrics were calculated (Supplementary Table 1): total taxon richness, total density,
EPT (Ephemeroptera, Plecoptera and Trichoptera, i.e., the most sensitive insect orders) richness and relative
abundance, density of macroinvertebrates belonging to Ecological Group A (ECOgA, sensu Usseglio-Polatera
etal.”’), i.e., rheophilous taxa preferring coarse substrates, typical of oligotrophic, alpine habitats, and the biomass
of trophic guilds (see section below). Moreover, the Siltation Index for LoTic EcoSystems (SILTES), i.e., an index
specifically developed to detect siltation impact in the Alpine context, was considered. SILTES is based on taxon
and EPT richness, and ECOgA. It was calculated as the average of the three mentioned metrics, scaled over the
entire dataset. Specifically, the minimum value of the metric in the dataset was subtracted to the sample value,
and the result was divided by the min-max range, according to the following formula:

M — Mpin/Mmax — Mmin

where m is the observed value of the metric, m,,;, is the minimum observed value of the metric in the dataset
and m,,,, is the maximum observed value of the metric in the dataset. SILTES ranges from 0 (worst condition)
to 1 (best condition), for additional details see Doretto et al.”®.

Fish sampling and analyses

Three quantitative samplings were carried out by electrofishing (removal method with two passes). Caught
fishes were counted, measured for total length and weighted. Density and biomass of the different species were
computed by dividing the number and weight of all caught specimens to the sampled area (324 m?). The density
reduction obtained by comparing before/after CSFO sampling was considered as apparent mortality, i.e., possible
fish migration occurred during the time interval between the two samplings was not accounted for. Moreover,
in the investigated reach, fishing is allowed and brown trout juveniles are occasionally restocked, but no data
quantifying these practices are available.
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Food web analyses

Possible changes in the food web associated to the CSFO were assessed adopting all the biological components
monitored in this study: periphyton, fish, and the different trophic guilds in the benthic macroinvertebrate
community. For this purpose, macroinvertebrates were pooled according to four trophic guilds®: (i) grazers
or scrapers, feeding on periphyton; (ii) shredders, feeding on coarse particulate organic matter (CPOM), i.e.,
fragments of leaves, plant tissues and wood debris; (iii) collectors, including gatherers and filterers, feeding on
fine particulate organic matter (FPOM) and dissolved organic matter (DOM), respectively; (iv) predators, feed-
ing on small animals. The biomass of these trophic guilds was calculated according to the information available
in the freshwaterecology.info database v. 7.0-10/2016°". Specifically, a fuzzy data coding was used, i.e., each
family/genus in the database was associated to ten feeding types, with a value ranging from 0 (no preference)
to 10 (complete selectivity for one feeding type). Per each taxon, we multiplied this value by the weight of the
individuals counted. The total weight of a single feeding group was calculated summing all the values referring
to the feeding type and dividing by 10. The results were finally summarized in the four guilds mentioned above
(gatherers-collectors and active and passive filter feeders were grouped into one category, i.e., collectors, while
miners, parasites, xylophagous taxa and other feeding types were not considered since they were scarcely rep-
resented; Supplementary Table 2).

In order to measure the biomass of the different biological components by a single unit, we estimated the
organic carbon content. Epilithic chlorophyll a was converted to algal carbon by assuming a carbon to chloro-
phyll ratio of 27°%%%. The carbon content of fish was estimated by applying a conversion rate of 14.25% of the
wet weight, assuming a carbon content of 47.5% of dry weight of fish and a water content of 70%°*. Finally, the
organic carbon content of benthic macroinvertebrates was estimated by assuming that ash free dry weight is
93.5% of dry weight, and organic carbon is 51% of ash free dry weight, based on the mean value of data reported
by Salonen® and Benke et al.? for the major insect taxa found in the study area.

Statistical analyses

We analyzed each fine sediment sample separately. Then, we performed both mesohabitat and reach averaging,
i.e., we calculated the mean value of the three sampling points per mesohabitat (mesohabitat average), and the
mean value of all the nine samples (reach average). Coeflicient of variation (CV, i.e., the ratio between standard
deviation and average) was computed to assess spatial variability at both mesohabitat and reach scale for each
sampling date. The modified Mann-Kendall test®” was applied to test for significant decreasing trend after the
CSFO.

In the case of periphyton samples, CV was calculated to assess spatial variability at the reach scale for all
the sampling dates. Two-way analysis of variance (ANOVA) and post-hoc Tukey test were performed to test
chlorophyll-a content for significant (a <0.05) differences between mesohabitats during the first (from Oct-18
to Sep-19) and the second (from Oct-19 to Sep-20) post-CSFO vyear.

Compositional dissimilarity between macroinvertebrates samples was quantified by the Bray—Curtis index.
This index ranges from 0 (complete similarity) to 1 (complete dissimilarity). Differences in the community com-
position between mesohabitats and sampling occasions were visually and statistically examined by non-metric
multidimensional scaling (NMDS) and two-way permutational analysis of variance (PERMANOVA) along with
permutational multivariate analysis of dispersion (PERMDISP), respectively. After data transformation (density
data were log-transformed and percentage data were logit-transformed), two-way ANOVA and post-hoc Tukey
test were performed to test each community metric and each trophic guild for significant (a <0.05) differences
between mesohabitats during the first (from Oct-18 to Sep-19) and the second (from Oct-19 to Sep-20) post-
CSFO year. Moreover, one-way ANOVA and post-hoc Tukey test were performed to detect differences between
reference conditions and the first (Dec-18, Mar-19 and Jul-19) and the second (Dec-19, Feb-20 and Jul-20)
post-CSFO year at reach scale. As reference values we assumed the metrics recorded in the study reach before
the first documented CSFO, occurred in 2006%. Related sampling took place on Nov-05, Mar-06 and Aug-06
(Supplementary Table 1).

Linear relationships between metrics of the benthic macroinvertebrate community and fine sediment deposi-
tion per unit area were tested by Pearson product-moment correlation test. Moreover, the correlation between
the values of spatial beta-diversity (i.e., total pairwise dissimilarities between mesohabitats®®) and the values of
the difference in average fine sediment deposition between mesohabitats was assessed.

Statistical analyses were performed using XLSTAT 2014 and R 4.4.1 (vegan package®) software.

Results

Fine sediment deposits

Temporal trajectories of fine sediment deposition were similar, on average, between the three mesohabitats
(Fig. 3), showing a significant decreasing trend at reach scale after the CSFO (Mann-Kendall test: S=-21,
p=0.037) (see Supplementary Note 2).

Before the CSFO (i.e., five days before, Sep-18), the reach-averaged mass of fine sediment per unit area was
about 100 g m™, and mesohabitat averages were very close each other (i.e., from 90 to 110 g m™). The point values
varied between few tens to two hundreds g m™ (i.e., roughly spanning one order of magnitude).

After the CSFO (i.e., 17 days after, Oct-18), the reach-averaged mass of fine sediment per unit area increased
to about 1,200 g m~, i.e., more than one order of magnitude larger than before. Mesohabitat averages were
comparable, though displaying a certain difference, ranging from 700 g m™2 in the riffle to 1,800 g m™? in the
pool. The point values varied between three hundreds to almost three thousands g m™ (i.e., as for the pre-CSFO
sampling, roughly spanning one order of magnitude, but more than ten times larger).
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Fig. 3. Time series of fine sediment deposition (three points average and corresponding standard deviation),
periphyton biomass (measured as chlorophyll a content), and metrics of the benthic macroinvertebrate
community (including the Siltation Index for LoTic EcoSystems—SILTES), detected in each mesohabitat before
(i.e., five days before the CSFO starting date in September 2018) and after the CSFO (the days since the end of
the CSFO are reported in brackets). The average trajectory at the reach scale is indicated by a line.
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The amount of fine sediment settled on/into the superficial substrate of the permanently wetted streambed
decreased in the following months, by a rather irregular pattern. About 13-15 months after the CSFO (i.e., 402
and 444 days after, Oct-19 and Dec-19), the deposits approached comparable values as in the pre-CSFO sampling.
This was observed in terms of reach-average (120 and 80 g m™2, respectively), mesohabitat averages (from 110 to
130 g m~?in Oct-19, and from 60 to 100 g m? in Dec-19), as well as point values (15-230 g m~? in Oct-19, and
40-160 g m~2 in Dec-19). However, the 2020 samples evidenced a certain increase, mainly in the pool, where
fine sediment mass per unit area was on average 2-3 times larger than before the CSFO.

The spatial distribution of the deposits was rather heterogeneous, at both reach and mesohabitat scale. Maxi-
mum values, both at mesohabitat scale and at single points, were generally (but not always) detected in the pool,
while the minimum values were measured in the riffle.

At the reach scale, CV approximatively ranged between 50 and 150%. Interestingly, we observed comparable
CVs before and after the CSFO (60 and 70% in Sep-18 and Oct-18, respectively), followed by increased CVs (110
and 150% in Mar-19 and Jul-19, respectively). When in Oct-19 and Dec-19 pre-CSFO levels of fine sediment
deposition were recovered, the CV decreased as well (70 and 60%, respectively). Similarly, CV's at mesohabitat
scale ranged from 20-40% to 120-140%, and the result was consistent when the adopted methodology was
applied in triplicate within the same mesohabitat (Supplementary Note 3).

Periphyton

The periphyton amount, expressed as chlorophyll-a content, varied over time, but its pattern was more influ-
enced by seasonality than by the sediment pulse in all mesohabitats (Fig. 3). In fact, no significant differences
were detected between mesohabitats and between the first and the second post-CSFO year (two-way ANOVA
and Tukey test, p>0.05). On the one hand, a reduction of 20-50% was detected in the first post-CSFO sam-
ple; moreover, the absolute minima (1.6-3 mg m™2) were recorded on this sampling date. However, relevant
increases (up to about 50 mg m™? as reach average) were observed in the late autumn (December) and winter
(February-March) samples, both the first and the second post-CSFO year. Specifically, during the collection of
these samples, we ascertained the presence of the macroalga Hydrurus foetidus besides the biofilm of microalgae
on some cobbles. Maximum and minimum periphyton amount was generally detected in the riffle and pool,
respectively. At the reach scale, CV ranged from 3% in Sep-19 to 76% in Feb-20. The former value was even
lower than the corresponding CV calculated for the riffle area (9%) to assess the intra-mesohabitat variability
(see Supplementary Note 3).

Benthic macroinvertebrates

Gamma-diversity in the study reach amounted to 29 taxa: 26 insects, 2 oligochaetes and 1 hydrachnidia (see the
whole taxa list in Supplementary Table 3). On average, the total richness was 14 (+4), 15 (+4) and 16 (+4), and
the total density 843 (+1288), 950 (+ 1167), 1518 (+2225) ind. m™ in the step-pool, pool, and riffle, respectively.
At the reach scale, the most abundant taxa were the Diptera Chironomidae (22%), the Ephemeroptera Baetis
(19%), the Trichoptera Limnephilidae (17%), the Ephemeroptera Rhitrogena (12%), the Plecoptera Leuctra (8%),
and the Diptera Simuliidae (4%). Most EPT taxa displayed higher density in the riffle, while Limnephilidae,
Lumbricidae and the Diptera Limoniidae and Athericidae were more abundant in the pool.

Two-way PERMANOVA and NMDS ordination (Fig. 4) evidenced significant variation in taxonomic compo-
sition of macroinvertebrate communities between sampling occasions (F,, 33 =4.15; p=0.0001), but not between
mesohabitats (F, 33 =1.35; p=0.139). The statistically non-significant results of PERMDISP (sampling occasions:
F(33=0.75; p=0.676; mesohabitat: F, ;;=0.58; p=0.569) indicated location but not dispersion effects. Summer
and early autumn samples (i.e., Jul., Sep. and Oct.) were mainly positioned on the right side of the panel. Specifi-
cally, September samples, including the pre-CSFO ones (Sep-18), were very close each other as well as to July
samples, while October samples, including the first post-CSFO ones (Oct-18), were separated and positioned
on the bottom right of the figure. In contrast, late autumn and winter samples (i.e., Dec., Feb. and Mar.) were
located on the left side of the panel and separated, depending on the year.

As for the PERMANOVA, the two-way ANOVA did not show significant (p>0.05) differences of all the con-
sidered metrics between mesohabitats, but it evidenced significant (p <0.05) differences between the first and the
second post-CSFO year (Supplementary Table 4). In the three monitored mesohabitats, the temporal patterns
of all the metrics (Fig. 3 and Supplementary Table 1) were similar. A general drop characterized the post-CSFO
sample, and the less accentuated contraction took place in the riffle. Minimum values were indeed detected in
the pool and/or in the step-pool, depending on the metric. Overall, metrics related to density (i.e., total density
and ECOgA) were more affected than metrics based on richness (i.e., total taxon richness and EPT richness),
with corresponding decreases of 66-96% and 16-56%, respectively. Substantial recovery to pre-CSFO standard
was detected 73-181 days after the CSFO (sampling of Dec-18 and Mar-19, respectively), with the exception of
richness metrics in the riffle, which fully recovered almost one year later (444 days after the CSFO, sampling of
Dec-19). The relative abundance of EPT (% EPT) decreased in the first post-CSFO sample, even if its minimum
was reached later on in the riffle and step-pool, and, in these two mesohabitats, also the recovery time was longer
(Jul-19 for the riffle and Oct-19 for the step-pool). Among EPT taxa, Plecoptera and Ephemeroptera taxa gener-
ally displayed different trends than Trichoptera families: the former (with the exception of Baetis) were poorly
represented during the first year after the CSFO, while the latter showed a more stable presence over the whole
study period, as well as Diptera families. However, regardless the insect order, a considerable increase of density
of most of the taxa detected in the study reach was recorded in the second post-CSFO winter (Dec-19 and Feb-
20), differently from the first post-CSFO winter (Dec-18 and Mar-19). This occurrence influenced the pattern of
the SILTES index, approaching its maximum in Feb-20. Similarly to the other metrics, this index clearly detected
the impairment of the macroinvertebrate assemblages in the first post-CSFO sample, scoring 0 in the pool and

Scientific Reports |

(2024) 14:21048 | https://doi.org/10.1038/s41598-024-72015-9 nature portfolio



www.nature.com/scientificreports/

N

Q O POOL

<& RIFFLE

A STEP-POOL
® REACH

NMDS2

Stress = 0.108

15
=150

NMDS1

Fig. 4. Non-Metric Multidimensional Scaling (NMDS) of the composition of benthic macroinvertebrate
assemblages detected in the three mesohabitats and at reach scale, before (i.e., Sept-18) and after (i.e., ten
following samplings) the CSFO.

in the step-pool. In these two mesohabitats, SILTES recovered to pre-CSFO standard in Mar-19 (181 days after
the CSFO) even though, mainly for the step-pool, further drops of the index occurred also later on, until Dec-19.
In the riffle, SILTES was stably below the half of the pre-CSFO standard until this month, reflecting the trend of
the richness metrics composing the index.

At the reach scale (i.e., considering the average values of the three mesohabitats) a full recovery of most of the
metrics occurred in Mar-19, i.e., 181 days after the CSFO. Considering all the metrics, the benthic macroinverte-
brate community during the second post-CSFO year was not statistically different from the reference conditions
(Fig. 5), displaying comparable seasonal pattern (Supplementary Table 1). In contrast, in the first post-CSFO
year, both total and EPT richness were significantly lower than in the reference year. The average values of all
the remaining metrics were also lower than reference, but differences were not statistically significant due to the
high standard deviation (connected to high seasonal variability) (Fig. 5).

Considering the whole dataset, significant negative correlation was detected between fine sediment deposition
per unit area and total richness (r=- 0.42, p=0.016), EPT richness (r=—- 0.50, p=0.003), SILTES (r=- 0.35,
p=0.046), and relative abundance of EPT (r=— 0.50, p=0.003). Moreover, the difference in the average fine sedi-
ment deposition per unit area between mesohabitats was significantly correlated to their beta-diversity (r=0.45,
p=0.008) (see Supplementary Note 4).

Fishes

Two fish species were sampled in the study reach, brown trout and European bullhead Cottus gobio L. In the
first post-CSFO sample (< 1 month after the CSFO), trout density remained the same as before the CSFO (1380
individuals ha™) and bullhead density even increased (from 1280 ind. ha™! in Aug-18 to 1620 ind. ha™! in Oct-
18). In the second post-CSFO sample (Jan-20, i.e.,> 1 year after the CSFO), the density of both species decreased
(trout 950 ind. ha™! and bullhead 630 ind. ha™). Fish biomass followed a similar pattern, with the exception of
the trout biomass which slightly decreased in the first post-CSFO sample (trout 59, 52, 39 kg ha™ and bullhead
30, 37, 14 kg ha™ in Aug-18, Oct-18 and Jan-20, respectively).

Food web
Before the CSFO (Aug-18/Sep-18, Fig. 6) the study reach was markedly heterotrophic, being predators the main
component of the food web in terms of carbon mass. Periphyton mass was 1.5 times higher than grazers mass,
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Fig. 5. Comparison of metrics describing the benthic macroinvertebrate community at the study reach
between the reference conditions and the first and second post-CSFO year. Averages plus standard deviations
are reported for each metric. Lowercase letters (a,b) indicate significant differences between years (Tukey test,
p<0.05). Unit of measurement: individuals m™ for density and ECOgA density, and mg dry weight m™ for the
biomass of each trophic guild.
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Fig. 6. Scheme of the stream food web showing the mass of organic carbon (g ha™') detected for the different
biological components once before and twice after the CSFO (less than one month and more than one year
later). Coarse (CPOM), fine (FPOM) and dissolved (DOM) organic matter are indicated to complete the food
web scheme.
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and the proportions of benthic macroinvertebrate carbon among the four macroinvertebrate trophic guilds
were 25%, 6%, 40% and 29% for grazers, shredders, collectors and predators, respectively. Fishes had the highest
carbon mass; in particular, the trout mass was almost twice as the bullhead one, and three times larger than the
benthic macroinvertebrate mass.

Except bullhead, after the CSFO (<1 month later, Oct-18, Fig. 6) the other components of the food web
decreased in terms of biomass, and the ratios among them changed. The ratio between periphyton and grazers
carbon mass increased up to 7.7 times. Predators became the dominant component among macroinvertebrates
(45%), followed by collectors (33%), shredders (11%) and grazers (11%). Since the mass of fishes remained almost
unvaried, their prevalence compared to the other components of the food web increased by far.

More than one year after the CSFO (Jan-20/Feb-20, Fig. 6), the distribution of carbon in the food web was
completely different. Periphyton became the dominant component, followed by grazers with comparable carbon
mass. Consequently, the proportions of the four trophic guilds of benthic macroinvertebrates changed as fol-
lows: grazers (49%), collectors (21%), shredders (17%), and predators (13%). Although the higher availability
of prey, the mass of both fish species decreased. The temporal pattern of the functional composition of benthic
macroinvertebrate assemblages evidenced a relevant change during the second post-CSFO winter (Dec-19 and
Feb-20), with a marked increase of grazers and of the autotrophy of the system compared to all the other sam-
pling occasions (see Supplementary Note 5 and Supplementary Table 2). This increase of grazers in winter was
also detected during the reference year (Supplementary Table 2) and, in general, significant differences of the
average biomass of the trophic guilds (grazers and collectors) compared to the reference year were detected only
for the first post-CSFO year (Fig. 5).

Discussion

CSFO effects on the streambed substrate

Fine sediment evacuated from reservoirs by flushing can determine a wide range of morphological effects on
the downstream river systems, up to severe alterations at the reach scale (e.g., thalweg raising’®) and at the
mesohabitat scale (e.g., pool filling”!). Changes in riverbed morphology of such magnitude can have complex
feedbacks on subsequent fine sediment dynamics®. Less macroscopic consequences as fine sediment infiltration
into formerly coarser riverbed substrata (clogging) can interfere with hyporheic exchanges, inducing relevant
biotic effects’>”*. However, the quantification of the mass of fine sediment deposited after flushing operations, its
spatial distribution and temporal dynamics have been poorly documented so far’*, probably as a consequence of
the intrinsic difficulties of this kind of field investigation”. In particular, the hydro-morphological patchiness
of upland stream environments determines complex and highly variable depositional patterns, making assess-
ment efforts especially challenging. Accordingly, coefficients of variation of sediment deposition per unit area
exceeded in some instances 100%, at both reach and mesohabitat scale. Moreover, the CVs increase in some
post-CSFO sampling suggested selective removal processes, strongly conditioned by local (microhabitat) condi-
tions. In this perspective, our monitoring of fine sediment coverage after a CSFO, during a time span of two years
(temporal component) and considering three different mesohabitats (spatial component), provide new insights
into sustainable management of reservoirs siltation.

As expected, after the CSFO, the fine sediment content in the three monitored mesohabitats increased.
Specifically, the average mass of fine sediment per unit area recorded few days after the CSFO ranged from 0.6
to 1.7 kg m™2, with an overall increase at the reach scale of approximately one order of magnitude compared to
the pre-CSFO standard. Comparable results were obtained after the spot monitoring of the CSFO performed
in 2008 from the same hydropower reservoir (1-2.5 kg m2)%, as well as after a CSFO performed in 2011 from
another reservoir in the same area (0.5-1 kg m™)"°. It should be underlined that the mentioned flushing events,
investigated streams, and related measurement techniques shared basic similarity. In fact, the flushed sediment
was predominantly silt, the study reaches had relatively high channel slope (>0.01), and only the streambed wet-
ted at baseflow was sampled by resuspension. Under these circumstances, mountain streams have considerable
transport capacity, and deposition is typically a negligible fraction in comparison to sediment flux. In contrast,
much larger deposition per unit area, up to two/three orders of magnitude (i.e., 30-300 kg m~2), was measured
in comparable settings, when the flushed sediment was coarser, predominantly in the sand range'>”’.

As expected considering increased water depth and slower flow velocity, major streambed alteration due to
deposition of fine sediment after the CSFO was detected in the pool. However, the time pattern of fine sediment
deposition in the surveyed mesohabitats was similar: although with some oscillations, the values decreased over
the study period, recovering to pre-CSFO standard after approximately one year. Further increases at the end
of the study period could be related to possible upstream depositional areas, acting as source of fine sediment
for the downstream reaches, activated concurrently to rainfall events and subsequent increased runoff in the
Roasco Stream. Specifically, daily rainfall depths gauged in a nearby station led us to exclude massive flooding
over the study period, though on a few occasions daily rainfall depth was between 60 and 80 mm (fall 2018 and
summer 2020).

CSFO effects on benthic organisms

As quantified by comparing pre and post-flushing samples, both periphyton and benthic macroinvertebrates
were negatively affected by the CSFO in the short term in all three mesohabitats (i.e., the minimum values of
all metrics were detected immediately after the CSFO). The minor deposition of fine sediment detected in the
riffle could explain the minor contraction of the benthic macroinvertebrate community in terms of density and
richness observed in this mesohabitat. However, in the pool and in the step-pool all the metrics considered in
this study recovered within five months, while the total taxon richness and the richness of taxa belonging to
EPT orders in the riffle required more than one year to regain pre-CSFO standard. This might be justified by the
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higher richness characterizing this mesohabitat before the sediment pulse. In fact, riffles are usually the richest
mesohabitats: composed of a mix of coarse particles subjected to limited fine sediment deposition, they provide
the most favorable habitat to several reophilous taxa’-*’, mostly belonging to EPT orders and included in the
ECOgA, which are sensitive to sediment pressure and thus need longer time for recolonization after sediment
disturbance'®?. These results contradict our expectation, as we hypothesized a major contraction of the riffle
assemblage due to its higher biodiversity, and that the hydro-morphologic characteristics of the riffle, support-
ing efficient washing-out of fine sediment from the streambed, could have locally speeded up recolonization
processes.

Seasonality plays an important role when assessing the CSFO impact over benthic assemblages in upland
streams, deserving careful attention. In fact, in regulated residual-flow reaches of Alpine streams, these assem-
blages usually display maximum density in winter, followed by a contraction during summer®*#!. In our inves-
tigation, this regular pattern seemed to superimpose to that forced by the sediment pulse. However, the metrics
of benthic macroinvertebrate community were significantly higher in the second post-CSFO year than in the
first one, approaching the reference standard and thus suggesting a CSFO impact over the medium term. The
similarity in the composition and metric values between summer samples collected immediately, one and two
years after the CSFO highlighted the selected flushing period as the best choice to minimize this impact.

All the mentioned differences in the impact and recovery patterns of the benthic macroinvertebrate assem-
blages were detected by the SILTES index, confirming a reliable biomonitoring tool for assessing the ecological
impact of CSFOs in alpine streams®*.

The detailed analysis of the macroinvertebrate community structure, also in terms of beta-diversity (see
Supplementary Note 4), revealed that increased difference in riverbed sedimentation between mesohabitats
corresponded to higher difference in the taxonomic composition between mesohabitats (spatial beta-diversity).
However, the lack of significant differences led us to pool the data from different mesohabitats in a single data-
set, thus finding significant inverse relationships at the reach scale between fine sediment deposition per unit
area and some metrics (sediment-sensitive metrics), basically confirming the results of previous studies®>*%52,

CSFO effects on fish

Despite the drop detected for the lower trophic levels, no lethal impact on fishes was measured in the short term.
However, the temporal resolution of fish sampling in this study is not adequate to assess if the contraction of
both trout and bullhead populations observed in the second post-CSFO winter could be related to long-term
effects of the CSFO. A previous study in the same stream® suggested that contraction of fish density might be
explained by an overall reduction of the carrying capacity of the environment after CSFOs, inducing reduction
of suitable habitat and low availability of food. Nevertheless, our results of riverbed alteration and abundance
of benthic organisms seem to exclude this possibility. In contrast, possible sublethal effects such as gill or other
tissues abrasion can slowly reduce the fitness of fishes, favoring parasite, viral and bacterial infections and thus
decreasing the rate of survival®.

The permitted sediment load during the CSFO was evaluated by the Newcombe & Jensen*’ model, that
confirmed an effective tool to providing preliminary estimate of the short-term impact of CSFOs on fish spe-
cies, as demonstrated in several studies''%%2, Despite its simplicity, the model was also applied in eco-hydraulic
modeling studies focused on a detailed quantification of the effects of increased SSC during CSFOs over fish
assemblages'>#+85. Moreover, Cattanéo et al.'® recently compared the impact over fish assemblage of a controlled
partially-drawdown flushing of the Verbois Reservoir to a previous uncontrolled empty flushing operation.
When the SSC of the evacuated waters was controlled according to the mentioned benchmark, the impact on
fish was mostly reduced to behavioral impairment. Specifically, the CSFO schedule included a SSC limit over the
entire operation (5 g L™!), as in this study, and two additional limits over shorter durations (10 and 15 g L™ for
6 and 0.5 h, respectively). Revised versions of the Newcombe & Jensen*® model have been recently provided for
salmonids® and a cyprinid species¥’. In particular, Courtice et al.* confirmed that duration of exposure should
be considered as well as SSC in the regulatory guidelines aimed to reduce the environmental risk of suspended
sediment. Moreover, they suggested the adoption of a threshold on suspended sediment dose, computed as
the product of SSC and duration of exposure, especially for temporary and scheduled releases, such as CSFOs.

CSFO effects on stream food web
Interrelation between components of community biomass supports proper understanding of the trophic struc-
ture of aquatic communities, and changes in the biomass of community components can indicate perturbations
to the ecosystem?®®. Therefore, analyzing the biomass of the main biological components in the Roasco Stream
food web could reveal the effects of CSFOs at the ecosystem level. Although our analysis was limited to three
sampling occasions and could be biased by the incomplete description of the system (including fishing-related
practices), we clearly detected a heterotrophic system, dominated by predators, both in the pre and in the first
post-CSFO sampling, even if in the latter case an evident grazers reduction was observed. More than one year
later, a completely different picture was obtained, characterized by the dominance of periphyton and grazers.
Previous studies based on the River Continuum Concept**® evidenced that, in small forested headwaters,
most carbon enters the stream as terrestrial food sources™®2. In particular, the results of a field experiment by
Nakano et al.?? revealed that terrestrial arthropod inputs from riparian forest canopies are a primary factor
controlling cascading trophic interactions between predatory fish, herbivorous aquatic arthropods, and ben-
thic periphyton in headwater stream ecosystems. More generally, transfers of energy and biomass from more
productive donor systems are often prominent for sustaining biotic communities in less productive recipient
systems. However, even in headwaters where terrestrial inputs dominate, primary consumers evidence the pref-
erential assimilation of high-quality periphyton over low-quality leaves®**°. This suggests that the short-term
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reduction of periphyton due to the CSFO could have been a co-occurring factor determining grazers reduction
and temporary unbalance of the stream food web. Accordingly, the periphyton increase detected in the second
post-CSFO winter favored grazers taxa which increased in density and became the dominant functional group
among benthic macroinvertebrates. In these terms, our winter samplings depict a picture markedly different
from what expected®, in particular the evident increase of the autotrophy of the system. Results on the functional
composition of the benthic macroinvertebrate community showed that this increase was not recorded in the
first post-CSFO winter, thus evidencing a medium-term impairment of the whole ecosystem functioning after
the sediment pulse. This finding was also supported by the significant inverse relationship between the degree
of autotrophy of the system, estimated through the ratio between grazers and the sum of shredders and collec-
tors, and the amount of fine sediment per unit area (Supplementary Note 5). In fact, deposition of fine sediment
can prevent attachment to substrate and smother periphyton, thus directly altering the physical composition
of periphyton and diminishing its quantity and quality as a food source for benthic macroinvertebrates, and, in
turn, for fishes?>?°. On the other hand, the increase in abundance of macroinvertebrates could have also been
caused by the decrease of fish density, and thus of the top-down control of macroinvertebrate populations by
fish predation, mainly by brown trout”.

Conclusions
Detailed integrative assessment of the impact of CSFOs on the downstream abiotic and biotic (on various trophic
levels) components are so far limited to only few studies®*. Related field work is particularly challenging in moun-
tain streams, where spatial and temporal variability of sediment deposition is especially complex®>7*,

In this context, the results of this study confirm the major findings of previous works on the ecological impact
of CSFQOs!H18-2133:48%9 and provide further information for improving the management and monitoring of CSFOs,
in the investigated and in comparable settings. Specifically:

(i)  Overall, the standard protocol adopted for the CSFO (i.e., two weeks of duration in summer, with average
SSC constrained below 4 g L™! over the whole operation) provides an acceptable balance among technical,
economic and ecological issues.

(ii) If the flushed sediment is mainly silt, in high-gradient streams such as the Roasco, a moderate and patchy
deposition can be expected after the sediment pulse, inducing a moderate ecological impact limited to the
medium term. Full recovery of the pre-CSFO standard in terms of fine sediment content of the streambed
substrate can be expected within the following year. A similar recovery time can be expected for the biologi-
cal community, particularly if, as in the study stream, an undisturbed tributary can act as recolonization
source. Therefore, more severe impact and longer recovery time may occur in stream reaches not supplied
by substantial tributary flow and closer to the flushed reservoir.

(iii) Detailed monitoring of different mesohabitats evidenced a certain variability in the abiotic (fine sediment
deposition per unit area) and biotic response to the CSFO. For instance, if the assessment would have
focused only on the step-pool, a larger short-term contraction of benthic macroinvertebrate assemblages
and a faster recovery would have been estimated compared to the riffle. In this perspective, standard
monitoring restricted to a single hydro-morphologic unit (mostly riffle) could be integrated by detailed
mesohabitat monitoring when the hydro-morphologic characteristics of the receiving stream and the grain-
size of the flushed sediment lead to predict significant difference of depositional patterns.

(iv) The three biological groups investigated in this study responded differently to the CSFO, and their inte-
grated analysis suggests possible effects on the whole ecosystem functioning. Future research is required to
improve our comprehension of the effects of CSFOs (and, more generally, of sediment pulses) over stream
food webs, possibly increasing temporal resolution, including further components (e.g., POM and terrestrial
arthropods), and measuring stream metabolism in terms of respiration and primary productivity.

(v)  Our study deals with a managed environment. In particular, due to hydropower development, the stream-
flow is significantly lower than the natural flow, and has reduced seasonal variability. This flow pattern
increases the persistence of fine sediment deposits, likely extending recovery times. Though the release of
clean water (flushing flow) is commonly implemented after CSFOs as a mitigation measure, the subject is
poorly documented so far”>. Specifically, proper quantification of flushing flow magnitude, in light of clearly
designed environmental objectives and related cost-benefit analyses could support a more informed and
accepted diffusion of the practice, supporting the transition from reservoir desilting to a more sustainable
management of the hydro-sedimentary regime in regulated rivers'?. Similarly, sport fishing and related
restocking of salmonids usually bias estimates of CSFOs effects over fish assemblages. Focusing increasing
attention on bullhead or further species, deserving conservational interest but not subjected to this kind
of dynamics, could improve the reliability of these results.

Data availability
Main data are provided within the manuscript and supplementary material file. Further information is available
from the corresponding author upon reasonable request.
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