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1 | INTRODUCTION

Flow regulation from damming is a primary source of river alteration
worldwide (Bunn & Arthington, 2002; Lehner et al., 2011; Nilsson
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Abstract

Flow regulation of montane and alpine headwater streams can fundamentally alter food
web structure and energy flows through changes in productivity, resource availability,
and community assembly. Dam flow-release schemes can be used to mitigate the envi-
ronmental impacts of flow regulation via environmental flows, which can increase dis-
charge variability and other ecologically important hydrological properties. In particular,
managed floods can reintroduce disturbance to the system and stimulate the reactivation
of physical habitat dynamics. However, how managed floods might restore ecosystem
processes is virtually unknown. In this study, we examined patterns in potential energy
fluxes before, during and after a long-term experimental flood program on the river Spal,
a regulated alpine River in southeast Switzerland. We used benthic samples collected
during long-term monitoring and stable isotope analysis (52*C and 6°N) of macroinver-
tebrates and their potential food sources to reconstruct secondary production, and
potential energy fluxes, over a 20-year study period. The experimental floods did not
alter the relative importance of basal resources but resulted in a considerable decline in
secondary production, which remained low after the discontinuation of the floods. Our
data suggest that a lack of recolonization by mosses following the discontinuation of the
experimental flood program on the river Spol may have driven patterns in energy fluxes
by limiting macroinvertebrates using mosses for habitat. The effects of environmental
flows on energy flows in this system thus depend on flood disturbance and the environ-

mental context following the discontinuation of floods.

KEYWORDS
environmental flows, experimental floods, food web, macroinvertebrates, secondary production,
stable isotopes

et al., 2005), with substantial global effects on nutrient cycling
(Maavara et al., 2020), sediment regimes (Vorosmarty et al., 2003),
and freshwater biodiversity (Dudgeon et al., 2006; Reid et al., 2019).
Below a dam, the alteration of flow, sediment, organic matter, and

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. River Research and Applications published by John Wiley & Sons Ltd.

River Res Applic. 2023;39:1783-1794.

wileyonlinelibrary.com/journal/rra 1783


https://orcid.org/0000-0002-9336-9151
https://orcid.org/0000-0002-4591-491X
mailto:gabriele.consoli@unil.ch
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/rra
http://crossmark.crossref.org/dialog/?doi=10.1002%2Frra.4189&domain=pdf&date_stamp=2023-07-20

7 | WILEY

CONSOLI ET AL

wood regimes causes major instream environmental changes,
and limits connectivity between aquatic and terrestrial ecosystems
(Petts & Gurnell, 2005; Ward & Stanford, 1983). These effects are
particularly pronounced in rivers where seasonal flood disturbance
controls geomorphological dynamics and ecological processes, such as
for alpine rivers (Bundi, 2010). Alpine rivers have been extensively
regulated to generate hydroelectricity (Truffer et al., 2001; Wehren
et al., 2010), altering the natural, seasonal cycles of disturbance that
shape community structure and fluvial functional properties (Milner
et al, 2001). These alterations ultimately modify the river's natural
habitat template, and relationships between abiotic conditions, biota,
and processes (Bunn & Arthington, 2002; Poff & Zimmerman, 2010).

In unregulated alpine rivers, specific life history and functional
adaptations of biota confer resilience to the elevated bedload scour-
ing, high suspended sediment transport, and seasonal variation in
resource availability caused by intense rainfall or snow and ice-
melt-driven floods (Milner et al, 2001). In contrast, stable flow
regimes under regulation can result in the build-up of periphyton and
benthic organic matter, favoring taxa with more cosmopolitan life his-
tory traits and ecological requirements (Poff et al., 2007), and increas-
ing the density of generalists (Robinson et al., 2018; Robinson &
Uehlinger, 2008). In other regulated rivers, stable flows and increased
primary productivity have been shown to alter the relative importance
of organic resources, shifting the ecosystem's trophic base towards
autotrophy (as in the Colorado River, Cross et al., 2011). Associated
increases in the secondary production of invasive, generalist taxa can
result in the local extinction of species (Bunn & Arthington, 2002;
Poff & Zimmerman, 2010), generation of trophic dead-ends (Cross
et al., 2010; Vinson & Baker, 2008), constraints on food-web attri-
butes and interactions (McHugh et al., 2010; Sabo et al., 2009;
Wootton et al., 1996), and changes in energy pathways and trophic
linkages (Power et al., 1996). Reductions in the number of floods
caused by damming can also drive complex, unpredictable changes in
the structure of stream food webs (e.g., Mor et al., 2018). Despite the
strong dependence of alpine rivers on seasonal floods, little is known
of how flow regulation affects their functional as opposed to struc-
tural properties.

In recent times, river authorities have begun developing methods
to modify water release schemes from dams (environmental flows) to
mitigate the eco-morphological degradation of rivers (Acreman &
Ferguson, 2010; Owusu et al., 2021) and the deterioration of ecosys-
tem services caused by flow regulation (Auerbach et al., 2014). Envi-
ronmental flows are commonly designed to reintroduce selected
components of the original flow regime to achieve specific eco-
morphological targets (Gillespie et al, 2015; Konrad et al., 2011;
Tonkin et al., 2021; Yarnell et al., 2015), such as the simulation of sea-
sonal floods by implementing periodic experimental floods (Konrad
et al., 2011). Although high implementation costs can limit the applica-
tion of experimental floods (see Andrews & Pizzi, 2000; Scheurer &
Molinari, 2003), several studies on systems such as the Colorado
(Melis, 2011) and Spdl (Robinson et al., 2018) have demonstrated the
utility of experimental flood programs to restore ecological dynamics
from flow disturbance (Cross et al., 2011, 2013; Korman et al.,, 2011;

Robinson et al., 2018). In particular, the application of a functional
perspective involving, for example, trophic interactions, can explain
observed counterintuitive patterns, such as the rainbow trout-
chironomid-simuliid trophic nexus on the Colorado River (Cross
et al.,, 2011). However, few studies have looked at flow restoration
from a functional/trophic point of view (e.g., Cross et al., 2011;
Korman et al., 2011; Sabo et al., 2018; Weisberg & Burton, 1993).

In this study, we used macroinvertebrate data collected before,
during, and after the course of a long-term experimental flood pro-
gram on the Spol, Switzerland (Robinson et al., 2018) to investigate
the effects of artificial floods on the trophic structure and energy
fluxes in the river. Specifically, we (i) estimated the secondary produc-
tion of macroinvertebrates using biomass data from pre, during, and
post-flood program periods, (ii) reconstructed dietary requirements
using stable isotope (C and N) analysis of macroinvertebrates and
potential food sources, and (iii) integrated trait information on food
preferences (Tachet et al., 2010) to estimate energy fluxes within the
community. We expected to see an inverse relationship between sec-
ondary production and disturbance, and hypothesized that community
re-assembly from the floods would be linked to changes in trophic
state (Dodds, 2007; Marcarelli et al., 2011).

2 | METHODS

21 |
program

Study site and the experimental flood

The Spdl is a fifth-order regulated river located in the central Alps.
The regulated reach begins at the Italian/Swiss border where the Punt
dal Gall dam (built in the 1960s) creates the Livigno reservoir. The
study site is located inside the Swiss National Park in a residual flow
reach ~2.5 km below Punt dal Gall (Figure 1) and ~3.5 km above a
second reservoir (Ova Spin). It is a riffle-run section (Figure S1) charac-
terized by boulder-cobble substrate, flowing in a forested area mostly
composed of Pinus sp., while riparian vegetation is mostly grass and
sporadic willow shrubs (see Robinson, Aebischer, and Uehlinger
(2004) for details on the study site).

The experimental flood program (Scheurer & Molinari, 2003)
started in 2000 to counteract the benthic habitat degradation
imposed by prolonged stable discharge conditions under flow regula-
tion. Up to three floods, simulating seasonal high flows, were released
each year from Punt dal Gall (Figure 1). Simultaneously, a long-term
survey program was initiated to monitor the ecological responses to
the floods. Thirty-two floods were released until 2016 when the pro-
gram was discontinued due to Polychlorinated biphenils (PCBs) con-
tamination after dam retrofitting (Klose, 2021). However, ecological
monitoring was still carried out to assess ongoing ecosystem dynamics
following the lack of flow disturbance. The periodic flood disturbance
enhanced streambed conditions for biota by reducing substrate clog-
ging and removing filamentous algae (Uehlinger et al., 2003). This
result increased suitable spawning habitats for brown trout (Salmo

trutta), and shifted macroinvertebrate assemblages towards an alpine-
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FIGURE 1 Left panel: Spol
catchment, showing sampling site
location and the hydropower
network (EKW). Right panel:
Discharge data measured at Punt
dal Gall gauging station. Daily
mean discharge is shown, except
for the experimental flood peaks
that show maximum flood
discharge. The inset shows a
sample of two hydrological years
before regulation (source of
data: FOEN). [Color figure can be
viewed at wileyonlinelibrary.com]
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like structure (Robinson et al., 2018). Notably, densities of the crusta-
cean, Gammarus fossarum, a species absent in the Spol main stem
before regulation, dropped from peaks of 15,000 ind/m? to <3000
after the flood program began.

2.2 | Biomass sample collection and treatment
Macroinvertebrate sampling for the long-term monitoring consisted
of quantitative Hess samples (n = 3, mesh 250 um, 0.045 m?) col-
lected from riffle-run habitats at around 1.5-month intervals, between
spring  (April/May) and autumn (October/November), from
12/05/1999 to 03/09/2020. Due to adverse conditions (snow/ice on
trails), winter months usually were not sampled. Samples were stored
in 70% ethanol, and macroinvertebrates were sorted and identified to
the lowest practical taxonomic level (mostly genus, see Table 1) using
Tachet et al. (2010). After identification, macroinvertebrate samples
were dried (60°C), and then dry mass was measured. In this study,
some years were discarded from analyses (2008-2013, and 2015)
because they presented too coarse taxonomic resolution or lacked
biomass data. At the sampling site, water temperature was measured
hourly during the study period with data loggers (HOBO Tidbit v2)
and used for the calculation of yearly means and standard devia-
tions (SD).

2.3 | Stable isotope sample collection and
treatment

Samples for C and N stable isotope (SI) analysis (6*C and 6'°N) were
collected in spring (11/07/2019) and autumn (17/10/2019) from a
20-m reach of the river where the long-term sampling took place.
Sampling was carried out following Siebers et al. (2019). Three qualita-
tive kick-sample sweeps were collected across ca 2 m? of riffle habi-
tat. In some cases, additional samples were required to collect enough
individuals to meet the minimum biomass requirement for Sl analysis
(~0.5 mg dry mass). Macroinvertebrates were hand-picked and placed

in 50-ml PET falcon tubes filled with stream water, separating prey

Year

and predator taxa. Tubes were stored in a cooler box, and macroinver-
tebrates were kept alive for ~8 h to allow for stomach clearance.
Macroinvertebrates were then identified to the lowest practical level
(mostly genus) after Tachet et al. (2010) and stored at —20°C.

Samples for potential food sources were collected on the same
dates as macroinvertebrates. Particulate organic matter (POM) sam-
ples were collected from 3 to 5 depositional areas in the study reach
and consolidated. Moss, periphyton, and filamentous algae were col-
lected from representative rocks in the study reach. Periphyton was
scrubbed with a metal brush from a rocks' upper surface, rinsed, and
stored as suspension. Leaves were collected from the three dominant
terrestrial plant species (two tree species: Pinus mugo Turra, Pinus
cembra L.; and grasses belonging to the Poaceae family) present in the
riparian area. Due to park restrictions regarding biological sample col-
lection, we limited the food-web analysis to macroinvertebrates, as
the brown trout population (sole fish present in the Spdl; Miirle
et al., 2003) could not be sampled.

In the laboratory, POM was separated into coarse (CPOM) and
fine (FPOM) organic fractions by sieving (CPOM >1 mm > FPOM
>0.25 mm). Samples were elutriated to remove excess sediment and
the CPOM was rinsed with distilled water. Moss was rinsed with dis-
tiled water, and large, non-moss particles entangled in moss
(e.g., organic matter, sediment) were manually removed. Periphyton
and filamentous algae samples were carefully inspected using a ste-
reomicroscope to remove small invertebrates and other particles.
Periphyton was further centrifuged to separate sediment, harvesting
the upper layer of each sample. Lastly, CPOM, FPOM, moss, and
periphyton samples were placed in crucibles in a desiccator for 24 hrs
together with an open vial of 37% HCI for acid fumigation (Harris
et al., 2001) to remove carbonates originating from calcareous rocks
in the watershed (Dolomites).

Leaves from terrestrial plants, CPOM, and moss were oven-dried
at 60°C for 72 h before grinding and homogenization. Macroinverte-
brates were placed into Eppendorf tubes and freeze-dried for 48 h
(Lyovac GT 2-E lyophilizer) and each homogenized after drying; this
process was also followed for samples of FPOM, filamentous algae,
and periphyton. Macroinvertebrate samples comprised a minimum of

three individuals. We weighed 0.6-0.8 mg of macroinvertebrate
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material, and 1-1.5 mg of organic resource material into tin cups and
combusted them in a Vario PYRO Cube elemental analyzer (elemental
Analysesysteme GmbH, Langenselbold, Germany) connected to an
IsoPrime isotope ratio mass spectrometer (GV Instruments Ltd.,
Wythenshawe, UK) for measurement of 6'3C and §*°N. Reference
materials for 613C and 615N were provided by Biogeochemical Labo-
ratories, Indiana University (NBS 19, L-SVEC, IAEA-N-1, and IAEA-N-
2). Analytical uncertainty was 0.1%o for 62C and 0.2 %o for 6*°N.

24 | Sl data analysis

Spring and autumn samples were aggregated to obtain a mean (+SD)
of 63C%o and 6*°N%o. Macroinvertebrates were further grouped into
main feeding groups (grazers, detritivores, predators) after Tachet
et al. (2010), while resources were represented individually. To esti-
mate the relative contribution of basal resources to consumers, we
used the Bayesian mixing model MixSIAR (Stock et al., 2018). Sample
suitability was evaluated with the mixing polygon method (Smith
et al., 2013). Isoperla sp. samples were excluded after falling outside
the 95% confidence polygons bounds (Figure S7). Trophic enrichment
factors were set as 0.4 + 0.3 %o (mean + standard deviation) for §*3C
(Post, 2002), and 2.2 + 0.3 %o for §*°N (McCutchan Jr et al., 2003) for
primary consumers, while for omnivores these values were multiplied
by a factor of 1.5 and for predators by factor 2 (to account for
sequential steps in trophic level from basal resources) (Siebers
et al., 2019). Two trophic enrichment factors were used because the
estimated TEF for & °C has the same quoted mean value in Post
(2002) and McCutchan Jr et al. (2003), but a greater SD for
Post (2002), allowing a more conservative approach given the lack of
TEFs specific to alpine fauna. In the case of §2°N, the algal-specific
TEF (McCutchan Jr et al., 2003) was considered more appropriate
than a generalist approach given the greater potential error involved.
Leaves and CPOM were then aggregated as a single source, as were
periphyton and filamentous algae (Phillips et al., 2005). Moss (Fontina-
lis spp.; Robinson, Uehlinger, & Monaghan, 2004) was used as the
third source, where we assumed that a fraction of the material was
epiphytic biofilm (Chantha et al, 2000; Glime & Clemons, 1972;
Suren, 1991). Acid fumigation of algal samples might result in alter-
ations of 6%°N signature of +1%o (Schlacher & Connolly, 2014), thus
we estimated the influence of this potential alteration by comparing
resource partitioning results with those of an identical model where
+1%o were added to the 8°N mean isotopic signature of algal

resources.

2.5 | Biomass data analysis

Annual secondary production was calculated for taxa for which Sl data
were available (Baetis sp., Heptageniidae, Chironomidae, Protonemura
sp., Limnephilidae, Gammarus sp., Limoniidae, and Rhyacophilidae). Of

the total number of samples, ~9% of biomass belonged to taxa not

present in the S| analysis and was discarded from further analysis
(Simuliidae 1%, Leuctra sp. 4%, Nemoura sp. 0.05%, Perloidea 0.4%;
Turbellaria 3%, Oligochaeta 1%, Hydracarina 0.02%, Other taxa 0.1%).
Biomass data (dry mass) were available for the years 1999-2007,
2014, and 2016-2020, for a total of 315 samples (105 sampling
dates). Dry mass estimates of preserved samples are affected by bio-
mass losses induced by ethanol fixation (e.g., Leuven et al., 1985;
Wetzel et al., 2005), with non-uniform effects across taxa, posing
additional challenges to secondary production estimates. While most
studies focus on live mass alterations after preservation
(e.g., Stanford, 1973), correction factors accounting for dry mass loss
were available only for part of the taxonomic groups used in this
study, however, they uniformly reported losses ranging between 20%
and 30%, for hard and soft-bodied organisms (Chironomidae 20.4%
(Mahrlein et al., 2016); Limoniidae 22.9% (Dermott & Paterson, 1974);
Gammaridae 27.3% (Wetzel et al., 2005) - 22.4% (Mahrlein
et al,, 2016); Baetidae 30% (Mahrlein et al., 2016)). These correction
factors were applied to biomass estimates of the aforementioned taxa
(as mean if more than one correction factor was available), while for
the remaining taxa a global mean was calculated and applied
(+24.6%). Annual mean areal biomass (B, g dry mass/m?) and SD were
further determined after standardization to the size of the Hess sam-
pler. Mean (and SD) individual biomass (M, g dry mass) was calculated
by dividing taxa biomass by abundance for each sample.

We visually explored temporal patterns of mean individual bio-
mass (Figure S3) to detect the existence of size distribution patterns.
Furthermore, we fitted generalized additive models (GAMs; smooth-
ing functions of the form y ~ s(x, k = 3)) to test relationships between
In + 1 transformed sample biomass versus mean individual biomass,
and sample biomass versus density. Model selection was done by
visually comparing different smoothing curves (linear, quadratic, loess,
GAM) and then by comparing the fit of the two best-fitting models
(GAM and linear) to test the relationships (Figures S4 and S5). For
each taxon, annual benthic production (sp, as g/m?/year) was then
estimated using the empirical model developed by Morin and Bour-
assa (1992) using mean areal biomass (B), mean individual biomass
(M) and mean water temperature (T):

BP:O.lSBl'Ol % M—O.34 % 100.037T

Yearly production was further weighted by diet estimates
(MixSIAR output; Stock et al., 2018) using uninformed priors
(i.e., presumed probability distributions of resource usage for a given
taxa based on previous knowledge on the system) to estimate the rel-
ative contribution of different carbon and nitrogen sources to the
food web. To evaluate the sensitivity of MixSIAR resource partitioning
results (posteriors) to the model priors, we calculated Hellinger dis-
tance and Kullback-Leibler divergence between prior and posterior
distributions using the package BayeSens (Brown et al., 2018). We
carried out Spearman correlation tests based on the relative produc-
tion data of each taxa for each sampling date to identify relationships

between taxa responses in production patterns (Figure S6).
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2.6 | Assumptions of temporal reconstructions of
dietary estimates

The temporal reconstruction of food-web composition and relative
contribution of basal resources was based on stable isotope data from
2019. This approach comes with three major assumptions: (1) no
major changes in diet (or feeding plasticity) of macroinvertebrates;
(2) no limitation of resource availability caused by the experimental
floods; and (3) no change in interspecific competition after community
rearrangement, which could potentially alter resource/habitat avail-

ability for certain taxa.

2.7 | Trait analysis

We selected the “food preference” functional trait of Tachet et al.
(2010), which describes a taxa's affinity for different food sources
(microorganisms; detritus <1 mm, dead plant material =1 mm; living

microphytes; living macrophytes; dead animal material 21 mm;

2000 2005 2010 2015 2020
Year

ODuring flood program O Post-flood program

living microinvertebrates; living macroinvertebrates) as a descriptor of
the trophic characteristics of the macroinvertebrate assemblage. Trait
scores were extracted from Tachet et al. (2010) and standardized for
each category to range between 0 (no affinity) to 1 (maximum affinity)
(Table S2). In this analysis, we included some of the taxa excluded
from Sl analysis (Simuliidae, Leuctra sp., Nemoura sp., Perlodes sp., Tur-
bellaria, Oligochaeta) because trait scores were available, thus 99.8%
(in biomass) of the assemblage was represented. Trait scores were
available mostly at the genus level. For some taxa identified at lower
taxonomic resolution (Chironomidae, Limoniidae, Heptageniidae,
Simuliidae, Oligochaeta), we calculated a weighted trait score based
on the relative abundance of species belonging to each taxonomic
group present in the stream (data provided by Hydra GmbH,
Germany). Production associated with each trait category for each
year was calculated as follows:

n
> pity
i1
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where n is the number of taxa in a community, p; is the production of
taxon i, and t; is the trait score for each trait category j for each taxon
i. We further compared the relative abundance of each trait modality
for every year against the relative abundance observed in 1999 (A%
99). All analyses and data visualizations were carried out using R ver-
sion 4.1.1 (R Core Team, 2021).

3 | RESULTS
3.1 | Secondary production

Before the flood program in 1999, secondary production was domi-
nated by Gammarus sp. (66.6%) and Chironomidae (18.5%). During the
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FIGURE 3 Mean (x SD) 613C and 615N values for basal
resources and macroinvertebrates. Values not corrected for trophic
enrichment as in the MixSIAR model (see methods). [Color figure can
be viewed at wileyonlinelibrary.com]

TABLE 1
+ standard deviation).

Taxon Feeding category Periphyton + fil. algae
Baetis sp. PC 029 +0.1
Heptageniidae PC 0.31+0.2
Gammarus sp. OMN 0.54 +0.2
Protonemura sp. OMN 043+0.2
Chironomidae OMN 0.56 +0.2
Limnephilidae OMN 0.46 £0.1
Athericidae PRE 043+0.2
Limoniidae PRE 0.40 £ 0.2
Rhyacophilidae PRE 041+0.2

flood program, taxa responded differently to the increased distur-
bance caused by floods (Figure 2). Notably, Gammarus sp. production
dropped from pre-flood values of 19.8 + 5.0 g m™2 year* to values

below ~8.5gm~2 year!

, reaching lowest levels in 2007, where it
contributed to 12.9% of secondary production. Protonemura sp. was
virtually absent from the system before the floods and increased its
production to 3.7 + 2.3 g m2 year_! in 2002. However, its produc-
tion further declined over time, reaching pre-floods levels
(<0.1 g m™2 year™?) in 2020. Chironomidae and Baetis sp. production
fluctuated greatly in the early flood years but showed an overall
decline over time. Limnephilidae contributed marginally to pre-flood
production (0.7 +0.6gm 2year ), and values declined to
<0.2gm 2year ! following the floods, except for 2016 (0.6
+0.5gm 2year Y. Other taxa with relatively low production
(<1 g m™2 year™1), such as Heptageniidae, Limoniidae, and Rhyacophi-
lidae, showed production fluctuations throughout the years with no

evident relation to the floods (Figure 2).

3.2 | Trophic structure

Basal resources in the Spol showed isotopic distinction in 6*3C values
(Figure 3). Resource 6*3C values ranged from relatively high values in
periphyton (mean + SD; —18.3%0 + 0.7) to low values in mosses
(—36.5%0 = 0.0), and intermediate values in filamentous algae
(—25.5%0 + 3.2), CPOM (—28.2%0 +0.7), and terrestrial plants
(—29.9%0 * 0.6). The multi-source origin of FPOM (a mixture of basal
resources and excretion from macroinvertebrates and fish) likely
determined its central placement between basal resources (5*3C
—28.7%0 * 0.4; 6*°N 2.3%0 * 0.9). Moss had the highest §*°N values
(4.1%o0 + 1.0), and was the only resource with values comparable with
those of some consumers (e.g., Baetis sp. 3.5%o + 2.0). Filamentous
algae (0.8%o + 0.6) and periphyton (0.2%o + 0.3) had similar mean
8N values, as did terrestrial plants (—3.3%o0 + 4.0) and CPOM
(=3.7%o * 1.7) (Figure 3). The large variability of 56*°N values in terres-
trial plants reflected the difference found between leaves of riparian
grasses (1.5%o = 1.1) and trees (—5.7%o + 1.7). Macroinvertebrate

MixSIAR results-Relative proportional contribution of different carbon and nitrogen sources to benthic macroinvertebrates (mean

CPOM +- terrestrial plants Moss +Ephiphitic biofilm

0.29£0.2 042 +0.1
0.30+£0.2 0.39 £0.2
0.20+0.2 0.26 £ 0.1
0.24 £0.2 0.33+£0.2
0.16 £ 0.2 0.28+0.1
0.23+0.2 0.31+£0.1
0.24£0.2 0.33+£0.2
0.24 £0.2 0.36 £0.2
0.22+0.2 0.36 £0.2

Note: Feeding categories: OMN, omnivore; PC, primary consumer; PRE, predator.
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taxa were distributed along a trophic enrichment gradient in §*°N
values, where primary consumers (Heptageniidae and Baetis sp.) had
lowest (4.5%o + 2.0), predators (Athericidae, Limoniidae, and Rhyaco-
philidae) highest (7.6%o + 2.1), and omnivores (Chironomidae, Protone-
mura sp. and Limnephilidae) intermediate values (5.1%o + 2.1).

Reliance on basal resources varied among groups with autoch-
thonous resources being overall more important than allochtho-
nous resources (Table 1). Primary consumer diets were mostly
composed of mosses + epiphytic biofilm (40.5% + 11.2), while
periphyton + filamentous algae (30% + 11.2) and terrestrial
+ CPOM (29.5% + 14.1) contributed equally. The potential alter-
ations of acidification on algal samples showed negligible effects on
resource partitioning for all trophic groups (primary consumers,
omnivores, predators), as on average it modifies resource
partitioning + 1.6% (1.2 SD).

3.3 | Energy fluxes

Total  production estimates were highest for 1999
(29.8 gm~2year !) before the beginning of the flood program
(Figure 4). Production declined in early flood years (2000-2003) to
134+72gm ?year !, but with high
22.8 gm 2 year ! in 2003, min 5.7 gm 2 year ! in 2001). In later
years (2004-2007, 2014, 2016), before the discontinuation of

experimental floods, production was ~1/4 of that in 1999, with

variation  (max

small inter-annual fluctuations (7.6 + 1.9 g m~2 year™1). In 2016, the
year of the last flood, production was the lowest in the study period
(5.3¢g m—2 year‘l). Production remained relatively low and did not
return to pre-flood levels after the floods were discontinued in
2016, averaging 7.0 + 1.6 g m 2 year™! (2107-2020). The relative
contribution of basal resources to the stream food web suggested
that ~80% of production was from autochthonous resources (per-

iphyton + filamentous algae ~50%, moss + ephipythic biofilm 30%),

with little variation over time (Figure 4). The sensitivity analysis
(BayeSens) of mixing model outcomes (posteriors) to the uninformed
priors used in the analysis showed generally a low to moderate infor-
mativeness of the data and the model used (Table S1). Results from
primary consumers show that the combination of mosses and ephi-
phytic biofilm showed the highest degree of informativeness
(Hellinger distance = 0.4; Kullback-Leibler divergence = 1.2).

The analysis of food preference (Table 2) indicated
that CPOM represented the main source of food before the
floods (production 8.6+ 2.6 gm 2year!), followed by living
(5.7 +2.3gm 2year ?) and FPOM (4.5
+1.9 gm 2 year™!). Other food sources (microorganisms, living

microphytes

macrophytes, living macroinvertebrates, living microinvertebrates,
and dead animals >1 mm) likely only contributed marginally to
secondary production. Floods did not result in substantial direc-
tional changes in food preference, and relative changes were
mostly within a + 10% range when compared to the pre-flood
community (1999). The exception was FPOM consumers with an
increase of 10% in 2007.

4 | DISCUSSION

4.1 | Temporal patterns in macroinvertebrate
production

Our results follow Robinson (2012), Robinson et al. (2003), Robinson,
Aebischer, and Uehlinger (2004), Robinson, Uehlinger, and Monaghan
(2004), Robinson et al. (2018), and support the hypothesis that resto-
ration of flow variability enhanced the ecological condition of the reg-
ulated sections of the river Spél, promoting gradual shifts towards an
alpine-like ecosystem by introducing disturbance and enhancing
streambed physical habitat conditions. Secondary production of

macroinvertebrates in the river Spdl was highest before the first

N
o

FIGURE 4 Relative basal
resource contribution to annual
secondary production (mean

+ standard error). Left y-axis
refers to stacked bar plots and
indicates the relative proportional

Contribution to production
o
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contribution to production (range
0-1). Right y-axis refers to the
line-and-dots plot and indicates
total annual secondary
production. [Color figure can be
viewed at wileyonlinelibrary.com]
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relative trait production (A%99).

Food preference traits (FP) expressed as mean annual production (prod; g m=2 year™) and as % difference with 1999 pre-flood

FP_1 FP_2 FP_3 FP_4 FP_5 FP_6 FP_7 FP_8

A% A% A% A% A% A% A%
Year Prod 99 Prod A%99 Prod 99 Prod 99 Prod 99 Prod 99 Prod 99 Prod 99
1999 0.6 - 45 - 8.6 - 57 - 2.0 - 3.1 - 31 - 21 -
2000 0.1 -0.6 1.3 -23 33 +2.3 1.8 -2.5 0.7 -0.1 1.2 +0.9 1.2 +1.5 0.8 +0.7
2001 0.2 +1.3 14 +73 12 -4.9 14 +4.4 0.3 -1.1 0.4 -3.0 0.3 -3.4 04 -0.6
2002 04 +0.7 3.6 +8.1 4.2 +1.7 34 +3.5 0.6 -27 07 -52 0.7 —4.8 0.9 -1.1
2003 04 -0.7 3.5 +0.2 6.9 +20 4.6 +1.6 14 -0.5 2.3 -0.5 22 -1.1 14 -1.1
2004 0.3 +0.6 2.3 +78 3.0 +1.7 22 +2.4 0.5 -25 0.7 —4.1 0.7 -37 05 -2.2
2005 0.2 -0.5 1.7 +32 29 +1.2 22 +5.2 0.6 -1.0 0.9 -2.3 0.7 -3.5 0.5 -23
2006 0.2 +1.0 1.7 +7.6 22 +1.1 1.6 +1.8 0.4 -2.3 0.5 —4.5 0.5 -37 05 -1.0
2007 0.3 +1.5 1.9 +10.0 1.8 -0.9 1.7 +3.8 0.3 -27 02 —6.6 0.3 -5.6 0.5 +0.5
2014 041 +0.1 11 +3.1 16 -2.2 1.6 +8.9 0.4 -0.2 0.5 -2.9 0.3 -5.1 0.3 -1.7
2016 0.1 +1.8 0.7 +1.5 16 -1.6 1.0 +2.4 04 +0.4 0.5 -51 0.5 -4.0 0.5 +4.6
2017 0.1 —1.5 0.8 -83 32 +6.2 1.6 —2.6 0.7 +0.8 1.2 +2.5 1.2 +2.4 0.7 +0.6
2018 0.2 +1.7 1.2 +6.5 15 -4.9 1.2 +1.8 0.4 -1.0 0.5 -2.9 0.5 -2.2 0.5 +1.0
2019 0.2 +0.6 1.3 +4.9 15 -6.3 1.6 +6.0 0.4 -0.7 0.5 -3.0 04 -3.8 0.6 +2.3
2020 0.1 -1.7 08 —-4.0 19 0.0 14 +4.2 04 +0.3 0.7 +0.2 0.6 -1.3 0.5 +2.3

Note: Trait categories (1-8): (1) microorganisms, (2) detritus <1 mm (FPOM), (3) dead plants =1 mm, (4) living microphytes, (5) living macrophytes, (6) dead
animals 21 mm, (7) living microinvertebrates, (8) living macroinvertebrates. Boldface indicates differences = +/— 10%.

environmental flood release (Figure 4). Production flourished under
stable flows (mean 29.8 g m2year %), resulting in annual amounts
largely exceeding (up to10 times) those estimated for riffle habitats in
(Benke, 1993; Lugthart &
Wallace, 1992; Smock et al., 1985) or from a similar geographic area

montane streams of similar size

(Buffagni & Comin, 2000). However, comparisons with secondary pro-
duction estimates from other studies must be interpreted with cau-
tion, as different methods (e.g., cohort or size-structure), or the use of
preserved versus fresh specimens for biomass estimation might lead
to different results (Dolbeth et al., 2012; Leuven et al., 1985). Second-
ary production before the floods was dominated (~70%) by the
amphipod G. fossarum, which colonized the system after dam con-
struction (Figure 3). However, production considerably declined four-
fold after a few years of periodic flood disturbance. This confirms pre-
vious observations that flow regulation altered the ecosystem func-
tioning of this alpine river, as Gammarus plays a central role in organic
matter recycling and energy fluxes in rivers, representing an important
source of food for higher trophic levels (MacNeil et al., 1997).

In pre-flood years, Robinson, Aebischer, and Uehlinger (2004) and
Uehlinger et al. (2003) reported high density of macroinvertebrates,
moss, and periphyton in the river. Experimental floods were imple-
mented initially (2000, 2001) with higher frequency, with peak flows
ranging between 12 and 45 m®/s, while later floods were mostly
released twice a year (Figure 1, Kevic et al., 2018). After an initial fluc-
tuation, total secondary production steadily declined to values
<10 g m~2year . This response, however, was not homogeneous

across taxa. In particular, during the first years, some taxa had a swift

decline followed by peaks in 2002 and 2003. Robinson and Uehlinger
(2008) attributed these changes to a period of non-equilibrium during
the early stages of the flood program, where all biotic parameters
measured showed the largest increases in coefficient of variation, sug-
gesting the passing of an ecological threshold towards the onset of an
ecosystem shift. Due to a gap in biomass data, we could not make
estimates between 2008 and 2013, the period when high-magnitude
floods were released (Kevic et al., 2018). However, Robinson (2012),
Robinson et al. (2018) reported that macroinvertebrate density was
lowest in 2010, with a concomitant increase in taxa richness, a condi-
tion that persisted until 2015. The positive relationship observed
between biomass and density (Figure S5) suggests that macroinverte-
brate production in that period would likely have been low. Yet con-
trary to expectations, total secondary production did not substantially
increase after the floods were discontinued in 2016; production
values were comparable to those observed during the floods, even
4 years after the end of the program, mostly due to the slow recovery
of Gammarus. However, some taxa such as Baetidae, Rhyacophilidae,
and Limoniidae showed a gradual increase in production after flood
discontinuation, suggesting that the experimental floods might have
long-term effects on overall physical habitats conditions in riffles,
which became less suitable for gammarids (Figure 2). This result sug-
gests the existence of a flood legacy, particularly in the continued low
abundance of Gammarus.

Field observations initially reported that the extensive moss beds,
which covered even small cobbles before the floods, were effectively

(and completely) removed (0/10 of cobbles) after the early floods
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(Robinson & Uehlinger, 2008; Uehlinger et al., 2003). Yet in our last
sampling of the river (October 2020), we did not observe a conspicu-
ous moss re-growth in the study riffle, except for isolated patches
(Figure S1). Mosses reduce flow velocity, trap sediment, and organic
matter, offer substrate for epiphytes and biofilm growth (Stream
Bryophyte Group, 1999; Suren, 1991; Wulf & Pearson, 2017), and can
sustain significantly greater macroinvertebrate densities compared to
other benthic substrates (Suren, 1991, and references therein). For
macroinvertebrates, mosses are prime habitats for feeding and ovipo-
sition, and an important refugia from predation (e.g., see Parker
et al., 2007; Suren, 1991).

Mosses are sensitive to flow disturbance, and recolonization
occurs through dispersal of fragments supplied from upstream popula-
tions (Stream Bryophyte Group, 1999), which can potentially take up
to 10 years (Englund, 1991; Rader et al., 2008; Slavik et al., 2004).
The long-term sampling site is above the first tributaries that re-enter
the river Spol below Punt dal Gall (Figure 1). The lack of moss cover,
even after the end of the experimental flood program, may thus
reflect disconnection from upstream seed populations caused by the
reservoir (Ellis & Jones, 2013). Conversely, moss was present in
the main channel following construction of the dam, and there was
ca. 30 years between construction and the start of the experimental
floods program for moss to colonize from side channels, local streams
or springs in the area (e.g., see Von Fumetti & Blattner, 2017). Slow
recolonization by mosses, and a concomitant limitation on habitat
availability and substrate for food production and accumulation, may
thus explain the residual lag in secondary production following the

end of the flood program.

4.2 | Temporal patterns in trophic dynamics

The combination of temporal patterns of production with taxon-
specific estimates of basal resource consumption revealed no consid-
erable effects of the floods on the relative importance of basal
resources, and that changes in energy flux were instead correlated
with overall macroinvertebrate biomass (Figure 4). Our results suggest
that macroinvertebrates in the river relied mostly on autochthonous
sources, which can enter the food web via direct consumption and as
part of amorphous detritus (FPOM). Patterns of food preference traits
supported the estimation that no major changes occurred in the Spél
during the flood period but highlighted the importance of FPOM at
the base of the food web.

In the river Spol, overall resource availability was initially reduced
by the floods (Robinson et al., 2018). The decline of periphyton and
benthic organic matter (FPOM + CPOM) biomass, however, did not
correspond to a change in ratios between resources, with periphyton
biomass density roughly double that of benthic organic matter
(Figure S2). These observations suggest that the density of autotro-
phic sources consistently exceeded that of heterotrophic sources in
the river, even when experimental floods were operating. In natural
rivers, floods can increase the availability of allochthonous resources

for aquatic organisms, via lateral inputs from tributaries and runoff,

and by temporarily allowing organisms to access inundated lateral
habitats (Junk et al., 1989). However, in regulated systems, these
inputs can be largely limited (e.g., Wellard Kelly et al., 2013). Similarly,
Cross et al. (2011) found that algae were a dominant basal resource in
the Colorado River below Hoover Dam, a condition that changed only
after major tributary confluences further downstream (Sabo
et al.,, 2018). A notable difference is that FPOM retained a terrestrial
signature from the reservoir in Colorado, whereas FPOM appears to
be a combination of terrestrial and aquatic sources in the Spél. Alpine
River systems are, in general, limited in terrestrial organic matter
inputs and constrained by autochthonous resource availability
(Siebers et al., 2022). Our results suggest that these limitations might
also control energy fluxes in the food web.

Our observations on trophic relationships highlight the functional
importance of moss, not only as substrate or refugium but also as a
potential source of food. Mosses are mostly avoided by larger herbi-
vores due to chemical defence compounds (Parker et al., 2007), and
traditionally have been described as a secondary food source for
macroinvertebrates (Dangles, 2002; Stream Bryophyte Group, 1999).
Some taxa appear to avoid mosses as substrate due to the inability to
feed on it, or an inability to move through the intricate weave created
by their stems (Suren, 1991). However, evidence indicates that
mosses can be actively selected as a food source (Parker et al., 2007),
and that, for example, Fontinalis sp., is an important source of fatty
acids for some macroinvertebrates (Torres-Ruiz et al., 2007). In the
Spdl River, mosses can enter the food web directly or as FPOM, as
indicated by its isotopic signature and the frequency of fine detritus
feeding traits, which could help explain the apparent contradiction
between trophic importance and density. Alpine rivers are typically
low in productivity overall, and access to these essential dietary ele-
ments may thus be vital for growth and development of some con-
sumers (Niedrist & Fiireder, 2017).

Bayesian mixing models characteristically calculate relative contri-
bution of all the sources included in the model, thus implying that all
resources are consumed (Brown et al., 2018). The decision to include
moss in the analysis was based on the C isotopic signature of con-
sumers, comprising periphyton and moss. Further studies are required
to assess the viability of this decision, and confirm that moss usage in
the Spol food web is not a model artifact (e.g., Field et al., 2014; Miller
et al., 2013), as the sensitivity analysis of the informativeness of priors
could not conclusively resolve this question. In effect, the feeding
plasticity of stream macroinvertebrates determines substantial dietary
differences of taxa along environmental gradients (e.g., Wellard Kelly
et al., 2013). Gut content analysis with the application of sequencing
techniques could better elucidate the trophic function of mosses in
the Spol River (Casey et al., 2019).

In this study, we showed that the experimental floods on the Spdl
reduced the magnitude of energy fluxes between basal resources and
consumers. The proportional contribution of different resources to
energy fluxes was unchanged, however, and indicates that the system
is likely limited by autochthonous resource availability. Further, a
return to the stable, pre-flood flow regime was not followed by an

increase in secondary production or change in trophic structure.
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Based on these findings, we hypothesize that the lag in secondary
production after a return to the pre-flood flow regime could be attrib-
uted in part to the slow recovery of moss, which represents an impor-
tant habitat, food source, and trap for fine particulate matter. Our
findings, by addressing collateral functional responses to experimental
floods, therefore contribute to the understanding of the conse-
guences of long-term flow restoration from a whole-ecosystem per-

spective (sensu Tonkin et al., 2021).
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