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Currently, across the entire European river network, there are an estimated

0.74 barriers per kilometer of river length, with hydropower production being

the main cause of riverine habitat fragmentation. On the one hand, policy

actions have been proposed by different institutions to limit this impact. On the

other hand, the compelling need to produce energy from renewable/

sustainable resources is further boosting the impoundment of rivers, since,

globally, small hydropower plants are expected to contribute greatly to future

energy needs. While a few studies have already analyzed the environmental

impact of small hydropower plants by researching the structural communities

of benthic macroinvertebrates, none have thus far assessed the potential

impacts related to the functional diversity of these communities. Here,

following a “Before-After-Control-Impact (BACI)” scheme, we implemented

different methodologies to study the functional diversity of benthic

communities sampled across 4 sites in a fish-free, glacier-fed stream of the

Italian Central-Eastern Alps for 5 consecutive years. More specifically, the

sampling sites were chosen in an area near the weir of a small “run-of-river”

hydropower plant, which constituted the structure from which water was

diverted to the turbine. Specific goals were to assess the potential variation

in the functional traits of benthic macroinvertebrates in relation to the weir’s

presence, investigate whether a variation in trait distribution was caused by

alterations in the abundances of common and rare taxa, and quantify functional

diversity in space and time through the application of specific indices. Our initial

hypothesis of finding significant differences among the sampling sites after the

start-up of the hydropower plant was not confirmed by our results, since the

benthic communities at all sites continued to exhibit a largely similar set of traits

and, consequently, functional diversity. Our results highlighted the need for a

better understanding of the relationships between effect traits and ecological

processes to establish thresholds from which a shift in these processes may

occur. Hence, a better understanding of the assets and liabilities of already
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established small hydropower plants may be a guide for more conscious

decisions concerning the establishment of new ones and/or changes in the

management of already existing ones.

KEYWORDS

CWM, functional space, glacier-fed stream, run-of-river (RoR) hydropower plant, small
hydropower (SHP), energy policies, green energies

Introduction

Since the beginning of civilization, streams and rivers have

been managed with the aim of controlling water to better sustain

human settlements (Juuti et al., 2007). Currently, more than half

of the surface freshwaters of our planet are exploited by human

activities (Vitousek et al., 1997). Not surprisingly, for Europe, an

intensively inhabited continent, estimations suggest that more

than one million barriers currently fragment freshwater; for the

whole continental river network, this means that 0.74 barriers per

kilometer of river length are in place (Belletti et al., 2020).

Although many barriers are reported as obsolete or having an

unknown purpose, barriers used for hydropower production,

especially small barriers (<5 m height), are the most common

cause of fragmentation in European streams and rivers (EEA,

2018). While on the one hand, European policies and

environmental organizations are calling for establishing

increasingly more kilometers of free-flowing rivers (European

Commission, 2020; WWF, 2021), on the other hand, the high

demand for energy from renewable resources is resulting in an

increase in the number of barriers from hydropower plants, in

particular weirs of small “run-of-river” (ROR) hydropower

plants (Kuriqi et al., 2019; Zappa et al., 2019). Indeed, these

hydropower schemes are reported to have a high unexploited

potential capacity (Liu et al., 2019). Consequently, the

implementation of these plants is already largely occurring

worldwide and is expected to continue in the coming years

(Couto and Olden, 2018).

Characterized by the absence of water storage systems, ROR

hydropower plants utilize only the flow within the stream/river

channel to produce energy: a proportion of the main flow is

diverted through a barrier—the weir—to a turbine and then

returned to the stream/river further downstream (Anderson

et al., 2015). Desilter/desander tanks may also be part of the

plants, allowing the deposition of suspended sediments before

sending the water to the turbine. These sediments are then

regularly flushed and returned to the stream/river downstream

of the weir. Since ROR hydropower plants do not require the

presence of large reservoirs, they are often perceived as benign in

terms of environmental impact (Venus et al., 2020) and

considered one the most cost-effective solutions for rural

electrification in less developed areas (Manzano-Agugliaro

et al., 2017). However, while some cases have indicated that

the environmental impact of ROR hydropower schemes on

riverine ecosystems is negligible [see Scotti et al. (2022) this

issue], other cases have indicated that they have a detrimental

effect on running-water environments (e.g., Wang et al., 2016;

Bilotta et al., 2017). These studies assessed the impact of ROR

hydropower plants by evaluating the community structure of

aquatic macroinvertebrates and overlooked the functional-

ecological aspect. To the best of our knowledge, a functional

approach for evaluating the potential adverse impacts of ROR

hydropower plants has never been applied.

The study of benthic communities with respect to functional

characteristics complements taxonomic studies and has more

predictive power when dealing with research questions

concerning community ecology (Finn and Poff, 2005). The

fundamental theoretical concept behind this approach is the

notion of environmental filtering (Keddy, 1992): organisms

are progressively filtered out from global and regional pools

on the basis of their functional traits, i.e., tolerances or

requirements. Thus, local communities possess the traits that

are most adapted to specific (local) environmental conditions,

while organisms with less adapted traits are present at a low

abundance or not present at all (De Bello et al., 2021). In

summary, the theory recognizes that traits, since they are

selected across environmental gradients, may have a

considerable impact during the assembly process of

organismal communities (Keddy and Laughlin, 2021).

Here, the overarching goal of our study was to verify whether

the presence of the weir of an ROR hydropower plant could

constitute a factor introducing an abrupt “environmental

gradient” in a semi-pristine running-water environment.

Applying a BACI design scheme (Green, 1979) along four

sampling sites, we investigated the functional features

(i.e., traits) of aquatic macroinvertebrates of a glacier-fed

stream where a ROR hydropower plant has been

implemented. Studying aquatic insects’ functional traits allows

us to assess their specific role in streams and rivers, linking them

to the different ecosystem services they may offer (Suter and

Cormier, 2015). For example, shredders and collectors—traits

referring to the feeding type—are crucial to leaf decomposition in

streams (Wallace and Webster, 1996), and merolimnic

taxa—organisms whose adult stage moves to terrestrial

habitats instead of remaining in the stream—impact the

magnitude of the flow of organic matter moving from the

water to the land, which potentially affects the productivity of

terrestrial habitats near the streams (Suter and Cormier, 2015).

More specifically, in this study, we aimed to 1) identify the

characteristic set of traits that benthic macroinvertebrate
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communities had in four sampling sites that differed in their

relative position to the weir of the hydropower plant; 2) identify

whether changes in community trait distribution were caused by

the appearance or disappearance of common or rare taxa; 3)

quantify the functional diversity of the benthic communities

along the four sites by calculating a set of indices and assess

whether a pattern of “specialization” following the potential new

habitats created by the weir could be observed.

We hypothesized that 1) given the variety of habitats that a

weir is reported to introduce (e.g., Csiki and Rhoads, 2010), a

differentiation in the traits of the benthic macroinvertebrate

communities of the four sites was anticipated; 2) the traits

reported to be extremely sensitive to the environmental

perturbation introduced by the weir were the ones most likely

to disappear, especially if they were carried by rare taxa in the

control site; 3) overall, following these two hypotheses, we

expected each site to functionally diverge from each other

(i.e., each site would be characterized by specific traits, see

Table 1), but functionally converging on specific traits at the

site level [i.e., the new environmental conditions would result in

communities characterized by a few specific traits (see Table 1)].

A specific set of a priori hypotheses concerning specific traits,

their connection and distribution within the habitats introduced

by the weir of an ROR hydropower plant, and the expected

behavior of functional diversity, is shown in Table 1.

Materials and methods

Experimental design

The Saldur stream (Figure 1) is a glacier-fed, fish-free

tributary of the Adige River, the second longest river in Italy.

It originates at the Matscher glacier (N 46°, E 10°, Italian Central-

TABLE 1 Detailed set of a priori hypotheses relating sampling sites, main anticipated environmental characteristics, trait responses, and behavior of
functional diversity. Site 1 is not reported, since it is the unimpacted control site.

Hydropower features
vs.
site locations

Main
environmental characteristicsa

Expected trait responses
vs. control site
(site 1)b

Expected behavior of
functional diversity vs.
control site (site
1)c

Upstream of weir (site 2A) High water depth and pools of low-velocity
water

- Reduced presence of rheophilic taxa Trait abundance shift

Sediment deposition in backwater areas
(possible)

- Lower filter feeding activity

- Lower predatory propensity

- Lower capacity of processing organic matter

- Community increase of affinity with fine
sediments substrates

- Burrower trait favored

Downstream of weir (site 2B) Fast-flowing water - Increase in rheophilic taxa Trait abundance shift or functional
convergenceIncreased stability of baseflow (during

wintertime)
- Increase in grazers

Scour and erosion areas (possible) - Increase of resistance forms

Higher diversity and density of periphyton - Increase in grazers

Flow reduction and lower wetted area - Increase in merolimnic taxa

Outlet of desilting tanks
(site 2C)

Sediment rich streambed - Lower filter feeding activity Trait abundance shift or functional
convergence- Lower predatory propensity

- Lower capacity of processing organic matter

- Community increase of affinity with fine
sediments substrates

- Burrower trait favored

Clogging of substrate - Increase of resistance forms

- Fast life cycles

Scarce presence of primary producers - Lower grazing activity

aDerived from Csiki and Rhoads (2010), Mueller et al. (2011), Anderson et al. (2015).
bDerived from Bunn and Arthington (2002), Statzner and Beche (2010), Larsen et al. (2011), Leitner et al. (2015).
cDerived from Boersma et al. (2016).
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Eastern Alps) and is approximately 21.5 km long. Its catchment

ranges from 921 m.a.s.l. to 3,738 m.a.s.l. and, according to the

Köpper Geiger climate classification (Rubel et al., 2017), the

climate spans from Et to Dfc following a decreasing elevational

gradient. The whole catchment (101 km2) has been part of the

International Long Term Ecological Research (ILTER) network

since 2014 (site code IT-25). The water flow and geomorphology

of the Saldur stream could be considered “near-pristine” until

2014, when an ROR hydropower plant was planned to be built

(Figure 1). The hydropower plant started to produce energy in

2016. In addition, water is abstracted for the household and

tourism sectors and aquaculture (Scotti and Bottarin, 2021).

We sampled benthic macroinvertebrates at 4 sites along the

stream (Figure 1). Site 1 acted as the control site, while the sites in

the water diversion area of the ROR hydropower plant, i.e., from

2A to 2C were selected based on their relative position to the

technical infrastructures of the plant: site 2A was upstream of the

weir, site 2B downstream of the weir, and site 2C approximately

150 m downstream of the weir and immediately downstream of

the outlet pipe of the desilting tanks, respectively (Figure 1).

Thus, sampling sites 2A, 2B, and 2C are considered impacted

because they are potentially influenced by the activities of the

hydropower plant, and 2B and 2C are located in the depleted

stretch of the stream. downstream of the water diversion

FIGURE 1
(A) Location of the Saldur stream and of the sampling sites along the longitudinal stream transect; (B) aerial view of the sampling sites (blue) and
technical infrastructures (red) of the run-of-river hydropower plant.
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(Figure 1). More detailed information about the hydropower

plant, the catchment, and the sampling sites is available in Scotti

et al. (2022), Scotti and Bottarin (2021), and Scotti et al. (2019).

Fieldwork & laboratory activities

Benthic macroinvertebrates were collected twice a year at the

4 sites for 5 consecutive years from 2015 to 2019: in late April/

mid-May (“early” sampling period) and in late September/mid-

October (“late” sampling period). At each site and for each

sampling occasion (10 in total), a total of 12 quantitative

Surber samples (22 × 23 cm, mesh-size 500 µm) were collected

within a 20–50 m segment of the stream. These samples were

constituted by three subsamples, each made up of four pooled

individual residents. The three subsamples were kept separated

during the sorting and identification phases. The sampling effort

consisted of perturbing the substrate of the stream (mainly

macrolithal, stones of 20–40 cm; and mesolithal, stones of

6–20 cm) upstream of the Surber sampler for approximately

1 min. Each subsample was then filtered in the field using a

100 µm sieve net, preserved in plastic sealed bottles containing

70% ethanol, labeled and brought to the laboratory within the

same day. To measure potential differences in discharge

introduced by the hydropower plant, a gauging station located

approximately 6 km downstream of the weir in the water-

depleted stretch maintained by the Hydrographical Office of

the Autonomous Province of Bolzano/Bozen provided water

discharge data throughout the entire length of the study.

In the laboratory, samples were sorted without applying

subsampling, and organisms were separated from the debris.

All organisms were then counted and identified to the lowest

possible taxonomic level, mostly genus, under a stereoscopic

microscope at 50× magnification, referring to appropriate

literature (Olmi 1978; Consiglio 1980; Ferrarese and Rossaro

1981; Rossaro 1982; Belfiore 1983; Nicolai 1983; Rivosecchi 1983;

Lechthaler and Car, 2005; Lechthaler and Stockinger, 2005).

Further details about the fieldwork and laboratory activities

are available in Scotti et al. (2022) and Scotti & Bottarin (2021).

Data analysis path

Initially, we performed the functional characterization of the

benthic macroinvertebrate communities following the

framework proposed by Brousseau et al. (2018); the selection

of the traits, as well as the linked research questions, was based on

the response of the organisms to a given environmental driver

(Table 1), even though for some traits, an effect on some

ecological processes was anticipated (e.g., feeding type in

relation to cycling of organic matter). In summary, we

considered 7 traits comprising a total of 43 trait categories:

microhabitat/substrate preference (Moog et al., 1999), current

preference (Schmedtje and Colling, 1996), feeding type (Moog,

1995), and mode of life; horo or merolimnic (Schmidt-Kloiber

and Hering, 2015), locomotion and substrate relation (Tachet

et al., 2010), resistance forms (Tachet et al., 2010), and potential

number of cycles per year (Tachet et al., 2010). All traits were

fuzzy coded, except for current preference and mode of life

(nominal traits). Trait values were assigned following the

taxonomic resolution of the faunal dataset, and the taxon

entry tool of freshwatercology.info was used as consistent

taxonomical reference for all the databases (Schmidt-Kloiber

and Hering, 2015). When the taxonomic resolution was too

refined for assigning a specific trait value, the coarser

taxonomic level was considered (e.g., if for a species the trait

values were missing, we assigned the trait values corresponding

to the genus. If genus values were also missing, we assigned the

trait values corresponding to family). Eventually, all the collected

macroinvertebrates received trait values for all the selected traits.

Supplementary Table S1 shows the complete list of trait and trait

categories, including their abbreviations used in the figures.

As the first step of the analysis, using the functcomp function

of the R package FD (Laliberté and Legendre, 2010), we

calculated the average trait value weighted by the species’

relative abundances for each trait category—the Community

Weighted Mean (CWM)—of each sample, keeping the

sampling periods separated. To test the differences in CWM

values among the different sites, these values were then used as an

input for a profile analysis (Davidson and Davenport, 2002) by

applying the pbg function of the profileR R package (Bulut and

Desjardins, 2018), according to the procedure described by Bulut

and Desjardins (2020) and using a set of techniques for univariate

analysis. Each of the seven traits was tested separately, focusing

on three null hypotheses: the parallelism of the profile of the trait

categories of the four sites (representing four groups in the

analysis, i.e., testing whether the variation of trait categories is

constant among the sites), their equal levels (i.e., if the profiles are

coincident) and whether the profiles are flat. Refer to Bulut and

Desjardins (2020) for more details concerning this analysis.

As a second step, we again computed the CWM based on

relative abundances after log transformation of the benthic

macroinvertebrate data (CWM(LN)). In this way, the obtained

values gave more importance to the signal of subordinate taxa

(Cingolani et al., 2007; de Bello et al., 2007) and were much more

dependent on taxa that were originally less dominant. Afterward,

calculating the difference (CWMDIFF) between the CWM after

log transformation and CWM on raw data, we could identify the

trait categories carried by common or rare taxa at each site at

each sampling occasion. A negative result of the subtraction

(CWM > CWM (LN)) indicated that the specific trait category

was mainly carried by common taxa; in contrast, a positive result

of the subtraction (CWM < CWM (LN)) indicated that the

specific trait category was mainly carried by rare taxa. The values

of CWM, CWM(LN), and CWMDIFF calculated for all

10 sampling occasions were statistically tested per site to look
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for an effect of time through Friedman tests (Friedman, 1937)—

assumptions of repeated-measures ANOVA could not be

met – and the effect sizes were estimated through the

calculation of Kendall’s W coefficients.

As the last step, a set of functional diversity indices was

calculated through the mFD R package (Magneville et al.,

2021), keeping sites, periods, and years separated. First, we

computed the multidimensional functional spaces where the

functional indices had to be calculated. Afterward, keeping the

spaces with the highest quality, we quantified the functional

indices (Magneville et al., 2022). The separation of these steps

limited potential mistakes in the interpretation of the results

FIGURE 2
CWM values for each site and trait category, pictured as averages of the entire study period (5 years) for (A)microhabitat/substrate preference;
(B) current preference; (C) feeding type; (D) locomotion and substrate relation; (E) resistance forms; and (F) potential number of cycles per year.
Refer to Supplementary Table S1 for the abbreviations of trait categories and to Supplementary File S1 for the entire dataset of CWM values.
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and enhanced the standardization of the analysis (Villéger

et al., 2017). First, with the function mFD::funct.dist, we

calculated the functional trait-based distances between each

pair of macroinvertebrate taxa to build the functional space

where the functional indices were then computed. For this

step, we used Gower distance—since we had fuzzy coded

traits—and we assigned equal weight to all the traits. The

trait-based distances were then used as input for a PCoA to

create the multidimensional functional space where the

indices could be calculated. This was performed with the

mFD::quality.fspaces function, which was set to use both

mean absolute deviation and root of mean square deviation

to evaluate the quality of multidimensional spaces and scale

the distances in the functional spaces so that trait-based

distances and distances in the functional space had the

same maximum. After selecting the functional space with

the best quality, we were able to quantify, using the

Kruskal–Wallis test included in the function mFD::

traits.faxes.cor, the correlation between the functional axes

of the space and the trait categories of the benthic

macroinvertebrates. Then, we calculated a set of alpha

diversity indices in the multidimensional space of best

quality: functional richness—FRic (Villéger et al., 2008),

functional identity—FIde (Mouillot et al., 2013), functional

dispersion—FDis (Laliberté and Legendre, 2010), functional

divergence—FDiv (Villéger et al., 2008), functional

evenness—FEve (Villéger et al., 2008), functional

originality—FOri (Mouillot et al., 2013), and functional

specialization—FSpe (Mouillot et al., 2013). As a final step,

the variation in these functional indices across the sampling

sites was then tested by performing a one-way ANOVA on

each of the indices separately, considering the 10 different

sampling occasions, using the function anova_test of the R

package rstatix (Kassambara, 2020). Prior to this step, we had

checked for normality of data with a qq-plot and tested the

homogeneity of data with Levene’s test.

All data were processed using Microsoft R Open software,

version 4.0.2. (Microsoft, R Core Team 2020), and the graphics

were produced with the ggplot2 R package (Wickham, 2011).

Results

The CWM values calculated for each trait category showed

very similar patterns across all sampling sites throughout the

5 experimental years, as tested through the profile analysis

(Figure 2; Table 2, which represents the averages of the

5 years). Indeed, all traits resulted in parallel, non-flat profiles

and equal levels; thus, for the sampling sites no significant

differences could be detected when comparing trait

distributions across space (Table 2). The “mode of life” trait

could not be tested since it had just two categories, but the site

profiles completely overlapped (Supplementary File S1).

When looking at the variable time, a slight effect on trait

distribution was found at all sites (with α =0.05) when analyzing

the variations in CWM (Table 3). However, this effect was not

statistically significant when calculated for CWM(LN) and

CWMDIFF (see Table 3; Figure 3, where the averages of the

5 years are shown). Thus, CWM indicated a generalized

difference in distributions of traits—both in control and

impacted sites—while the other two indices indicated the

opposite (Table 3). It is remarkable that, despite the

contrasting results, no differences were highlighted when

considering the control vs. impacted sites for the same index.

Similarly, Kendall’s W was small for all the indices at all the sites,

suggesting that the trait distributions included some traits that

were particularly present in the communities and others that

were completely absent (see CWM and CWM(LN), Table 3) and

that trait categories were equally carried by common and rare

taxa (see CWMDIFF, Table 3).

After the calculation of the functional trait-based distances

(Supplementary File S1), among the 21 axes created by the PCoA,

the highest quality ones considering both mean absolute

deviation (mad) and root of mean square deviation (rmsd)

were numbers 9, 10, 11, and 12 (Supplementary Table S2)

and were then used to create the 4-D functional space where

the functional indices were calculated. However, prior to this

step, the correlation test between the functional axes and the

traits had revealed that no traits were significantly correlated to

these axes—despite being the ones with the best quality. Thus, a

TABLE 2 Report of the profile analysis: for all the tested traits, profiles were parallels, with equal levels, not flat. For further details concerning the
analysis, refer to Bulut and Desjardins (2020). (H0 = null hypothesis).

H0:
Profiles are parallel

H0: Profiles have
equal levels

H0:
Profiles are flat

Microhabitat/substrate preference F (21, 87) = 0.80, p = 0.71 F (3, 36) = 1.01, p = 0.40 F (7, 30) = 18185, p < 0.01

Current preference F (15, 89) = 1.08, p = 0.38 F (3, 36) = 0.66, p = 0.58 F (5, 32) = 406337, p < 0.01

Feeding type F (15, 89) = 0.80, p = 0.94 F (3, 36) = 0.57, p = 0.64 F (5, 32) = 3538375, p < 0.01

Locomotion and substrate relation F (15, 89) = 0.92, p = 0.99 F (3, 36) = 0.07, p = 0.98 F (5, 32) = 32700, p < 0.01

Resistance forms F (9, 83) = 0.32, p = 0.97 F (3, 36) = 0.12, p = 0.95 F (3, 34) = 8761, p < 0.01

Potential number of cycles per year F (6, 70) = 0.40, p = 0.87 F (3, 36) = 0.19, p = 0.90 F (2, 35) = 7027, p < 0.01

Mode of life: holo-/merolimnic tests not possible
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gradient in the distribution of traits along the sampling sites

could not be identified.

The entire set of functional indices calculated showed similar

values among all the sites (Figure 4; Supplementary Table S3),

and the one-way ANOVA indicated nonsignificant differences

(α =0.05) for all the indices (Table 4). The complete set of selected

indices and their variation by sites is represented in Figure 4.

The complete dataset that includes a set of intermediate

results used as inputs for further analyses (i.e., calculated CWM,

CWM(LN) and CWMDIFF for each site and sampling occasion,

functional trait-based distances used for creating the functional

spaces) is included in the Supplementary File S1.

Discussion

When planning the present study and analysis, we

considered some crucial aspects of trait-based ecology: 1)

we applied a multiple-trait approach, including only traits

for which we could provide explicit a priori hypotheses

(Lefcheck and Duffy, 2015; see Table 1); 2) the selection

of these traits was based on the response of the benthic

macroinvertebrates to a clear potential environmental

driver – the weir of the ROR hydropower plant

(Brousseau et al., 2018; see Table 1); 3) the weir could be

defined as an indirect gradient (Austin and Smith, 1990),

since its presence could influence the physical environment

experienced by the macroinvertebrates; 4) we analyzed entire

communities, since the link between environmental

conditions and traits is generally clearer at the community

level (see Ackerly et al., 2002). Overall, the application of this

framework allowed us to have a straightforward

interpretation of the outcomes of the study; our results

showed that the presence of the weir did not constitute an

environmental filter able to change the functional features of

the benthic macroinvertebrates (Diaz et al., 1998). Thus, this

study supplements and supports the results that Scotti et al.

(2022), found concerning the nondetectable impact of the

same weir on the taxonomic community structure of benthic

macroinvertebrates.

Concerning our first hypothesis, we were unable to identify

different sets of traits at the different sampling sites (see Table 2;

Figure 2). Although we hypothesized that the presence of the weir

could affect the macroinvertebrate communities at sites 2A, 2B,

and 2C in specific ways (Table 1), none of these sites exhibited

differences when compared to each other or to the control site.

Similar to the explanation given when considering taxonomic

community structure only (Scotti et al., 2022), we can argue that

the weir did not contribute to a change in the environmental

features of the sites (especially in regard to discharge variations

and sediment balance); no traits were filtered out and the

functional community profiles of the sites remained almost

identical (Figure 2). The main reason for this result is most

likely that the ecological dynamics of the Saldur stream remained

strongly driven by glacial melting (Scotti et al., 2022; Scotti et al.,

2019). Considering the functional aspect, this phenomenon

emerged when analyzing CWM values and trait distributions:

the Kendall’s W of CWM and CWM(LN) was “small” (Table 3)

at all sites. This means that among the trait categories, only some

were particularly present in our communities; this scenario is

anticipated in harsh environments (Gobbi et al., 2017), where a

set of particular traits normally allow the success of the taxa.

However, other authors (Pistón et al., 2019) argued that the link

between traits and the environment could be multifaceted, so that

several combinations of traits may result in a similar fitness level.

In this sense, the weir did not constitute either a “finer”

environmental filter than the one operated by the glacier-fed

stream itself or a major “disturbance” able to select new

combinations of traits (see Table 2; Figure 2).

Consequently, concerning our second hypothesis, we

could not identify differences in trait distributions derived

from variations in common and rare taxa. Indeed, the

variation in CWMDIFF was never significant at any site

(Table 3). However, it was remarkable that while CWM

(LN) did not show any significant variation, the opposite

occurred for CWM. The likely reason for this divergence in

TABLE 3 Summary of the Friedman tests and Kendall’s W of CWM, CWM(LN), and CWMDIFF calculated per each site.

Site 1 Site 2A Site 2B Site 2C

CWM X2 (9) = 20.9, p = 0.0131 X2 (9) = 17.3, p = 0.0441 X2 (9) = 13.9, p = 0.125 X2 (9) = 16.2, p = 0.0619

W = 0.0540, small W = 0.0447, small W = 0.0360, small W = 0.0420, small

CWM(LN) X2 (9) = 3.68, p = 0.931 X2 (9) = 4.41, p = 0.882 X2 (9) = 8.22, p = 0.513 X2 (9) = 2.36, p = 0.984

W = 0.00952, small W = 0.0114, small W = 0.0212, small W = 0.00610, small

CWMDIFF X2 (9) = 10.5, p = 0.310 X2 (9) = 13.1, p = 0.156 X2 (9) = 12.7, p = 0.177 X2 (9) = 4.70, p = 0.860

W = 0.0272, small W = 0.0340, small W = 0.0328, small W = 0.0121, small
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FIGURE 3
Measured differences between CWM(LN) and CWM (=CWMDIFF) for all trait categories for (A) site 1; (B) site 2A; (C) site 2C; and (D) site 2D. Refer
to Supplementary Table S1 for the abbreviations of trait categories.
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the variation of the two indices is given by Peres-Neto et al.

(2017): the fact that a dominant taxon whose abundance—and

related traits—changes along a transect, even though not as a

direct response to a gradient, has the consequence of

overestimating the effect of the environment on the

community traits expressed as CWM values. As shown by

Scotti et al. (2022), the analysis of the taxonomic variations of

the benthic communities of this study indeed showed a

noticeable difference in densities of benthic

macroinvertebrates among consecutive years of sampling, a

trend also found in other studies where differences in

snowpacks in consecutive years greatly influenced the

abundances and emerging behaviors of some benthic

macroinvertebrates (Finn and Poff, 2008). Additionally, the

fact that, in the present study, the significant variations over

time of the CWM (Table 3) were independent from the

potential gradient introduced by the weir was confirmed by

the fact that the control site (site 1) also showed a significant

variation in the CWM. In conclusion, and given the

comparison of these results with the CWM(LN) results (de

Bello et al., 2021), the variation in the abundances of benthic

macroinvertebrates ultimately led to a slight overestimation of

the effect of the environment on benthic community traits.

FIGURE 4
Boxplots representing the functional diversity values for the calculated indices: (A) functional richness (Villéger et al., 2008); (B) functional
identity (Mouillot et al., 2013); (C) functional dispersion (Laliberté & Legendre, 2010); (D) functional divergence (Villéger et al., 2008); (E) functional
evenness (Villéger et al., 2008); (F) functional originality (Mouillot et al., 2013); (G) functional specialization (Mouillot et al., 2013). Each black dot
represents an observed value at each of the 10 sampling occasions (10 dots per site per index).

TABLE 4 Summary of the ANOVA results for the calculated functional
indices. None of the indices changed significantly (with α = 0.05)
across the sampling sites. See also Figure 4 and refer to text to have
additional references on each index.

Functional index ANOVA results

F. richness F (3, 36) = 0.47, p = 0.70, ges = 0.038

F. identity F (3, 36) = 0.08, p = 0.97, ges = 0.006

F. dispersion F (3, 36) = 0.13, p = 0.94, ges = 0.011

F. divergence F (3, 36) = 0.44, p = 0.72, ges = 0.036

F. evenness F (3, 36) = 0.34, p = 0.79, ges = 0.028

F. originality F (3, 36) = 0.33, p = 0.80, ges = 0.027

F. specialization F (3, 36) = 0.03, p = 0.99, ges = 0.002
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Nevertheless, we argue that the choice of CWM as a tool of

analysis was relevant for the ecological question being asked

(Zelený, 2018).

In contrast to what we expected, but as a direct

consequence of these results, the third hypothesis was not

corroborated by our findings. Significant changes in

functional divergence of the sites and variation in

specialization/identity/originality of the impacted sites

were not detected (Figure 4; Table 4). Instead, all

functional indices exhibited comparable values throughout

time (Supplementary Table S3) and sites (Supplementary

Table S3; Figure 4), thus not supporting the explicit a priori

hypotheses we produced in Table 1.

In summary, we were unable to detect an effect of the weir

of the ROR hydropower plant on the distribution of single traits

or on the “benthic functional community” as a whole

(i.e., functional indices). A possible limitation of our study

may be the usage of trait databases. Indeed, this choice may

affect the output of the study in a twofold way: 1) we could not

consider intraspecific variability, which is increasingly

recognized as a factor conditioning overall trait variation

(Albert et al., 2010; Siefert et al., 2015); 2) the very local

scale of our study could not cope well with trait data

collected at much larger scales (Cordlandwehr et al., 2013;

de Bello et al., 2021). However, especially for this last issue,

we used trait datasets applied in studies of aquatic ecology in

Europe at different spatial scales (e.g., Schülting et al., 2016;

Scotti et al., 2020). Moreover, when different databases were

available for the same trait, we chose the ones more targeted to

the environmental and habitat conditions of the Saldur stream

(e.g., for microhabitat/substrate preference and feeding type).

Despite these limitations, as described also for the

taxonomic part (Scotti et al., 2022), we can confidently

say that the weir of the ROR hydropower plant did not

introduce a perturbation to the riverine ecosystems, even

when investigating the functional aspect of benthic

macroinvertebrate communities. This result also suggests

that key ecosystem functions in which benthic

macroinvertebrates participate, such as detritus

decomposition, or depend on, such as periphytic algae

production, were unaffected by the weir of the ROR

hydropower plant. Future studies may be targeted at

exploring not only (or mainly) the mechanistic effects on

response traits but also at disentangling more explicitly the

potential changes in ecosystem processes caused by

variations in effect traits (Brousseau et al., 2018).

Moreover, the sharing of good practices and experiences

among professionals and managers of hydropower plants

may help in the identification of thresholds from which

ecological processes may suffer a shift, especially in

relation to situations where multiple-cascade systems of

small hydropower plants are in place (Kuriqi et al., 2021).

In conclusion, our study was conducted in a fish-free,

glacier-fed, high-gradient stream that contributed to a

“buffer” potential disruptive effect on the environment

introduced by the ROR hydropower plant. However, this

situation is common for many small hydropower plants

across the European Alps and for those that may be built in the

coming years. Especially in light of the increasing number of plants

whose construction is anticipated and given the paucity of studies on

the topic (Couto and Olden, 2018), we argue that more researchers

should aim to assess, in the long term, the impact of ROR

hydropower plants, particularly from a functional point of view.

Moreover, an important aspect would be the reporting of the design

scheme, power capacity, and size of the systems under study (Kelly

Richards et al., 2017). In this way, a more conscious differentiation

between small hydropower plants that represent added value for the

environment in terms of sustainable energy production and those

that represent a serious disruptive factor for aquatic ecosystems will

become increasingly possible.
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