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Abstract

Climate change profoundly alters riverine flow regimes and community composition, affecting key ecosystem func-
tions. We used an experimental mesocosm approach to examine how gradual flow velocity reduction (Experiment 1)
and flushing events (Experiment 2) influence periphyton community composition and metabolism, with and without
a macroinvertebrate assemblage. We prepared eight stream mesocosms with pre-grown periphyton, half including
macroinvertebrates. Six mesocosms gradually transitioned from high (0.25 ms™") to low flow velocity (0.05 ms™ "),
followed by three flushing events of increasing frequency (i.e., reducing time between events) and same intensity, rais-
ing from 0.05 to 0.25 m s~ ! for 6 h before returning to base flow. Two control mesocosms (one with and one without
macroinvertebrates) remained at constant flow (0.1 m s™') throughout the experiment. We measured algal biovolume,
taxonomic composition, and metabolic rates (gross primary production; ecosystem respiration; net ecosystem produc-
tion) over time. Macroinvertebrates altered community composition and reduced algal biovolume, with stronger
effects at low flow. Flow reduction had scale-dependent effects: at the chamber scale it lowered periphyton gross pri-
mary production and net ecosystem production, while at the whole-mesocosm scale it decreased ecosystem respiration
more than production, increasing net ecosystem production. Flushing events decreased algal biovolume, but enhanced
petiphyton autotrophy, though this effect weakened with repeated disturbance. Macroinvertebrate assemblages, while
reducing total algal biovolume, enhanced the resistance of metabolic responses to flushing. Together, these results
show that hydrological variability and macroinvertebrate presence jointly regulate periphyton structure and function
and provide mechanistic insight into the processes controlling carbon cycling in running waters.
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Freshwater ecosystems are experiencing rapid and pervasive
transformations caused by ongoing climatic changes altering
their hydrological regimes (IPCC 2022). The frequency and
intensity of extreme oscillations between droughts and floods
have been increasing, and biodiversity has dramatically
declined (Maasri et al. 2022; Sayer et al. 2025). These changes
can have critical consequences for stream functioning because
river flow shapes fluvial communities’ taxonomic and fun-
ctional composition (Poff et al. 1997; Palmer and Ruhi 2019),
and strongly influences fundamental ecosystem functions,
including biogeochemical fluxes (Cunha et al. 2018; Tromboni
et al. 2020) and organic matter turnover and storage (O’Donnell
and Hotchkiss 2022). Flow velocity controls the deposition and
resuspension of organic matter from the benthic sediments into
the water column, influencing turbidity and limiting light pene-
tration and photosynthesis (Kirk 1994; Uehlinger et al. 2000).

Variability in flow magnitude and frequency can influence
biomass accumulation and the development of periphyton
biofilm (i.e., bacteria, fungi, algae) (Uehlinger et al. 2003). In
particular, an increase in the frequency of flow disturbances—
that is, a shorter interval between spates—may favor general-
ists or r-selected species whose trait expression is adapted to
disturbance, altering seasonal succession and shifting com-
munity composition by primarily selecting for generalist
organisms (Shabarova et al. 2021; Stach et al. 2024). Given
that periphyton and biofilm sediments dominate the meta-
bolic activity in most streams (Battin et al. 2016; Tromboni
et al. 2022), such changes can have large implications for
critical ecosystem functions, especially carbon cycling and
greenhouse gas emissions (Battin et al. 2023).

Flow variability controls variation in riverine metabolism
(Bernhardt et al. 2022), gross primary production (GPP)—the
synthesis of organic compounds from carbon dioxide—and
ecosystem respiration (ER)—the breakdown of organic matter
and release of carbon dioxide (Hall and Hotchkiss 2017) and
their net balance. Typically, riverine productivity is high
when flows are stable (Mulholland et al. 2001; Bernhardt
et al. 2022), whereas extreme flow variations create unstable
conditions that can reduce productivity through mechanisms
such as scouring, habitat loss, reduced light penetration, and
nutrient export, all of which disrupt periphyton colonization
and community stability (Uehlinger 2006). Flow reductions
can alter sediment transport regimes; even at low flows (LFs),
sand may be mobilized as migrating ripples, which profoundly
influence streambed microbial activity and thereby alter GPP
and ER (Scheidweiler et al. 2021). GPP and ER can respond dif-
ferently to changes in flow velocity and the frequency of
extreme events, whereby various studies indicate that GPP is
generally more sensitive to extreme environmental changes than
ER (O'Donnell and Hotchkiss 2022). GPP can decline immedi-
ately after flood events due to the scouring and removal of
periphyton, whereas ER tends to be more resistant, as heterotro-
phic respiration depends on more persistent organic matter
sources (Uehlinger 2000). Additionally, GPP and ER can exhibit
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different recovery patterns after disturbances, reflecting varying
levels of ecosystem resilience (Uehlinger 2000; Jativa et al. 2025).

Although stream organisms have evolved to cope with
occasional high-flow disturbances, the increased frequency of
extreme events predicted under climate change may exceed
their adaptive capacity, leading to substantial shifts in
community composition and associated metabolic rates
(Sabater et al. 2023). However, the effects of increased fre-
quency of extreme events (flushing events hereinafter) on riv-
erine metabolism remain largely unknown, limiting our
understanding of potential impacts of climate change on riverine
carbon fluxes. In turn, grazing aquatic macroinvertebrates can
also influence the dynamics of periphyton biomass and func-
tioning (Moulton et al. 2015) both directly, through grazing and
thus top-down control (Arsenault et al. 2022), and indirectly
through bioturbation— the physical disturbance of periphyton
and redistribution of organic material (Steinman et al. 1995).

Macroinvertebrate assemblages can reduce periphyton bio-
mass, with the magnitude of the effect depending on consumer
type, ecosystem context, and local environmental characteristics
(Lamberti and Resh 1983; Hillebrand 2009). However, few studies
have quantified how diverse macroinvertebrate communities—
comprising grazers, shredders, collector-gatherers, and predators—
regulate GPP and ER, limiting our understanding of the
mechanisms by which consumers influence metabolic rates
(Riiegg et al. 2021). Consequently, we still lack a clear picture
of how simultaneous declines in aquatic macroinvertebrate
abundance and changes in flow regimes will affect riverine
metabolism across temporal scales.

In this study, we used a mesocosm approach to assess how
(1) a gradual reduction in flow velocity and (2) the increase in
flushing frequency impact periphyton structural characteristics
and metabolism, and how these effects are modulated by the
presence of macroinvertebrate assemblages. We expect gradual
flow reduction to shift periphyton toward greater heterotrophic
dominance, both by favoring bacteria and fungi over auto-
trophs (community composition change) and by reducing auto-
trophic production through light limitation and organic matter
accumulation (lower GPP, higher ER, and more negative NEP).
In contrast, we expect that increasing flushing frequency will
more strongly affect periphyton by physically removing bio-
mass and thereby reducing GPP. Additionally, we predict that
macroinvertebrates’ grazing will further lower total periphyton
biomass through direct consumption, while promoting a more
autotrophic community (higher GPP) by removing senescent
material and enhancing light penetration in the periphyton.

Methods

Experimental design

We conducted two successive experiments in eight indoor
recirculating stream mesocosms at the German Federal Envi-
ronment Agency in Berlin-Marienfelde, Germany (German
Federal Environment Agency’s artificial stream system:
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https://www.umweltbundesamt.de/en/topics/chemicals/chemical-
research-at-uba/artificial-stream-pond-system#the-artificial-stream-
and-pond-system-introduction). The mesocosms were designed as
38-m long channels made of glass-fiber reinforced polyester and
equipped with screw pumps to generate different flow velocities
(Supporting Information Fig. S1 and Table S1). The experimental
design consisted of six mesocosms that underwent different vari-
ations in flow velocity (see below). Three of these mesocosms
contained pre-grown periphyton with a macroinvertebrate
assemblage (hereafter, treatment “macroinvertebrates”), while the
other three mesocosms only had pre-grown periphyton (hereaf-
ter, treatment ‘“no macroinvertebrates”). The other two meso-
cosms (one with and one without macroinvertebrates) were
controls that we maintained at a constant flow velocity through-
out the experiment (Supporting Information Fig. S2). We ran-
domly assigned mesocosms to each treatment group.

Experiment 1: Flow velocity reduction—This experiment
assessed how periphyton characteristics responded to gradual
changes in flow velocity. We maintained three mesocosms with
macroinvertebrates and three without at high flow (HF) velocity
(0.25ms™!) for 7d starting on April 27, 2021. We then
decreased the flow in two steps: first from 0.25 to 0.1 m s~ and
maintained it for 7 d as a transition phase and finally decreased
it to 0.05ms™' for another 7 days (until May 18, 2021). We
maintained the two control mesocosms at a constant flow
velocity of 0.1 m s~! throughout the experiment (Fig. 1).

Experiment 2: Flushing Events—Following the flow velocity
reduction experiment, we subjected the six mesocosms to three
flushing events of increasing frequency (From May 18 to May
27, 2021). During these events, flow velocity was abruptly
increased from 0.05 to 0.25m s ! for 6 h before returning to
base flow. The frequency of these flushing events progressively
shortened from 240 h, 168 h, and finally to 18 h between
flushes (Fig. 1). The two control mesocosms remained at a con-
stant flow velocity of 0.1 m s~! throughout experiment 2.

Sampling for periphyton characteristics occurred three
times during HF, and three times during LF. The LF condition
then served as the initial condition for experiment two, where
periphyton was sampled after flushing event 1, 2, and
3 (Fig. 1, and see details further below in the methods).

Mesocosm configuration

We filled each mesocosm with 20 cm of pre-treated
commercial sand as substrate and 20 cm of water. The sand
substrate was chosen to resemble the natural benthic environ-
ment of a reference stream, the Lieberoser Miihlenflie stream,
Brandenburg, Germany, a sand bottom stream representative
of most streams surrounding the mesocosm facility. The water
temperature followed ambient conditions (March-May, 2021)
inside the mesocosm hall. We maintained constant light con-
ditions throughout the experiment with fluorescent tubes
(OSRAM LF72) providing a 14:10 h light-dark cycle to simu-
late a shaded stream environment. The average light intensity
was 30001x (~60 pE m 2?s!). To establish periphyton
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communities, we collected diatom-dominated periphyton from
an outdoor pond at the German Federal Environment Agency
field station. The periphyton was homogenized, and aliquots
were evenly distributed across all mesocosms, with each meso-
cosm containing 18 tiles (made of the same material as the
mesocosm walls) to allow for periphyton sampling over time.
We allowed colonization to occur for 4 weeks under no-flow
conditions before the start of the flow velocity experiments.

After 2 weeks of periphyton colonization, we stocked four
of the mesocosms with a natural macroinvertebrate as-
semblage and kept them for the remaining 2 weeks of the
total 4 weeks of periphyton colonization. We collected the
macroinvertebrate community by means of 35 straw bags previ-
ously placed in the Lieberoser Miihlenflief} stream for 2 weeks,
allowing colonization by the natural macroinvertebrate commu-
nity. We used straw bags in a sand-bottom stream to collect a
diverse macroinvertebrate community. The bags served primarily
as a stable substrate that allowed colonization by multiple func-
tional groups—including grazers, shredders, collector-gatherers,
and predators—as documented in Table S2. We transferred eight
bags into four mesocosms where periphyton had been growing
for 2 weeks (Supporting Information Fig. S1). We used the other
three bags to characterize the macroinvertebrate community
transferred into the mesocosms (Supporting Information
Table S2).

Macroinvertebrates characterization

We identified macroinvertebrates to the lowest taxonomic
level under a dissection microscope (10x) according to Tachet
et al. (2010). Macroinvertebrate communities were composed
primarily of Amphipoda (Gammarus spp.) and insects. In total,
24 taxa were identified with the highest abundances for chi-
ronomids, followed by Gammarus spp. (Table S2). To monitor
the growth of Gammarus over time, we selected groups of
10 individuals of Gammarus spp. and placed them in small
cages partially filled with straw and ceramic beads, previously
colonized by the same periphyton from the mesocosms. At
the start of the experiment, we weighed four groups of 10 indi-
viduals of these Gammarus spp. to establish a baseline. Each
week, we collected one cage per mesocosm to measure the
increase in biomass of Gammarus spp. over time (AFDM)
(Supporting Information Fig. S3). We used Gammarus spp.
because they represented the highest biomass in the sampled
natural community and were relatively easy to manipulate.

Periphyton biovolume and taxonomic characterization of
the algal component

We assessed periphyton biovolume and taxonomic compo-
sition by collecting a tile at every sampling time. We scrubbed
the entire material of the tile and preserved the samples in
Lugol’s solution (APHA 2012). For taxonomic characterization,
we only used samples from May 3, May 17, and May
24 (Fig. 1). Samples after flushing events 2 and 3 were not well
preserved and we could not use them for identification.
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Fig. 1. Scheme of the experimental design. Experiment 1—flow velocity reduction (April 27-May 17, 2021): six mesocosms with flow velocity initially
set at 0.25 ms™', then reduced to 0.1 m s for a 7-d transition before reaching 0.05 m s~' for another 7-day period. Experiment 2—flushing events
(May 18-May 27, 2021): six mesocosms underwent three flushing events of increasing frequency, where flow was abruptly increased from 0.05 to
0.25 ms! for 6 h before returning to base flow. Two mesocosms (control) were maintained at a constant flow velocity of 0.1 m s~ throughout both

experiments. Red dots represent periphyton sampling dates.

We analyzed algal taxonomic composition under a
microscope following standard counting protocols. After
homogenization, we placed a 0.113 mL subsample into a
Palmer-Maloney counting cell (Palmer and Maloney 1954)
and examined it under a microscope at 400x magnification.
We assessed the algal community composition by counting at
least 300 algal units, including diatoms with plastids, using
natural counting units as defined by Noble et al. (2023). Algal
unit density per field of view was verified before counting to
ensure accurate identification.

We used a Zeiss compound microscope with a digital cam-
era and TopView software for taxonomic identification.
We prepared water mounts for photomicrographs and algal
unit descriptions. We measured algal units, photographed,
assigned taxonomic names, and identified them to the lowest
possible taxonomic level. Identification resources included the
Diatoms of North America website (Serieyssol 2012; Bellinger
and Sigee 2015; Weehr et al. 2015; Spaulding et al. 2021); and
the species nomenclature was verified using Guiry and Guiry
(2023). We converted algal counts to biovolume per surface
area (um® cm™?), following the approach of Rimet and Druart
(2018) and using average cell dimensions from at least 10 cells
per taxon to estimate biovolume. The relative abundance of

the dominant four diatom species (present in 80% of the sam-
ples) was explored in relation to flow conditions and the pres-
ence of a macroinvertebrate assemblage.

Metabolism measurements

We assessed metabolism at two different spatial scales:
chamber vs. whole-mesocosm metabolism. (1) Chamber metab-
olism—At each sampling date (three times during HF, LF, and
the first flushing event, one time after the increase in fre-
quency flushing events 2 and 3) (Fig. 1), we used sealed rec-
irculating chambers to incubate individual tiles to estimate
only periphyton-specific metabolism, following the protocols
of Tromboni et al. (2017); and Tromboni et al. (2020). We
used chambers constructed from plexiglass with a propeller-
driven helice to create a laminar flow (same described by
Riiegg et al. 2015). Although the flow velocity in the chambers
was lower than in the mesocosms, we standardized it across
all chamber incubations to ensure consistent metabolic esti-
mates. Chambers were equipped with dissolved oxygen
(DO) and temperature YSI ProODO optical sensors (Yellow
Springs Instruments, Yellow Springs, Ohio, USA) measuring
every minute. We conducted both light incubations and
dark incubations by covering the chambers with dark
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plastic. Each incubation was kept for 1h. (2) Whole-
mesocosm metabolism—This method accounted for whole sys-
tem metabolism, including contributions from periphyton,
water column with suspended organic matter, and sediment
respiration. We deployed DO and temperature sensors (FDO701
IQ and Sensotyt700 IQ, WTW, Germany) in the mesocosms
during the entire experiment, recording hourly measurements.

Metabolism estimates
Chamber metabolism

Metabolic rates (GPP, ER, and NEP) were determined by lin-
ear regression of DO changes over time, both in the dark (for
ER) and under light (for NEP), as follows (Eq. 1):

AOy -V
Metabolic Rate = L

(1)
where AO, (mg L) is the rate of change in oxygen over time
and is represented by the slope of the regression; V is the
volume of the chamber; and A is the area of the tile with
periphyton.

We then determined GPP from NEP and ER as (Eq. 2):

GPP =ER + NEP (2)

Whole-mesocosm metabolism

We estimated total metabolism in the mesocosms (whole-
mesocosm metabolism) with daily resolution during each
experiment using the open-channel method (Odum 1956).
The observed DO concentration [O,] at each sampling
time t was used to establish the following mass bal-
ance (Eq. 3):

dlo RAD(t 1
[dtz] - (GPPi. <RA1§,~>) +ERi) ~+Ko, ([02]5 (1) = [02] (1))
where [0,],,, (mgL™) is the 100% DO saturation concentra-

tion at time t calculated using eq. 18 from Grace and Imberger
(2006), GPP; and ER; (gm > d ') represent each of these meta-
bolic rates for day i, respectively, Ko, is the oxygen exchange
rate at time ¢, RAD is the radiation normalized to its daily
mean value (RAD); and z is water depth.

For each experimental day, we estimated GPP and ER
as model parameters by solving differential Eq. 1 in the
MATLAB® environment using the DreamZS Bayesian frame-
work (ter Braak and Vrugt 2008). Although data were collected
at 1-h intervals, we discretized Eq. 1 into 10-min modeling
steps and solved it using a forward Euler scheme. We assumed
minimally informative uniform prior distributions (within the
limits shown in Supporting Information Table S3) and inde-
pendent, identically distributed normal observation errors
with standard deviation ce. Further information about the
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model parameters and Kgoo estimation is provided in
the Supporting Information, section “Metabolism Modelling:
Parameter Estimation.”

Statistical analyses

We used the mesocosm as the experimental unit (n =3
per treatment) and averaged subsamples within mesocosms
(e.g., tiles, chambers, or repeated measurements) to obtain
technical replicates. We included the two control mesocosms
(n=1 each, with and without macroinvertebrates) for
descriptive comparison but excluded them from inferential
statistics. We analyzed metabolic rates as response variables
(GPP; ER; and NEP) with linear mixed-effects models of the
form: Response ~ Flow x Macro + (1|Mesocosm). Flow treat-
ment and Macro (macroinvertebrates present/absent) were
treated as fixed factors and Mesocosm as a random intercept.
NEP and ER were transformed using the inverse hyperbolic
sine (asinh), which preserves the sign of negative values, and
GPP was transformed using the natural log of one plus the
value (loglp) to account for zeros and skew. From these
models, we extracted estimated marginal means (emmeans),
back-transformed them to the original scale, and reported
them with 95% confidence intervals (ClIs). We used LF as the
reference condition and computed pairwise contrasts to test
how metabolic rates under flushing events (F1-F3) or HF dif-
fered from LF, separately for mesocosms with and without
macroinvertebrates. These contrasts were performed on the
transformed model scale, and p values were adjusted for
multiple comparisons using the Holm method to control
the family-wise error rate. Thus, we specifically tested
whether GPP, ER, and NEP under each treatment (e.g., HF
vs. LF, F1 vs. LF, F2 vs. LF, F3 vs. LF) differed significantly
from the LF baseline within each macroinvertebrate condi-
tion. Figures display raw mesocosm values together with
back-transformed model estimates + 95% CI. We report
Holm-adjusted p values (a = 0.05) but interpret them cau-
tiously given the limited replication (n = 3). Our emphasis
is on effect sizes and confidence intervals, and we avoid
equating non-significant results with evidence for no effect.
Analyses were performed in R (R Core Team 2022).

Results

Macroinvertebrate growth

Biomass of Gammarus spp. increased steadily throughout
the experiment, particularly after the first week (T1), con-
firming that the caged individuals persisted and grew in
the mesocosms. Average AFDM nearly doubled from accli-
mation (T1) to the end of the experiment (T5), demonstrat-
ing that macroinvertebrate biomass was maintained
and increasing, thereby ensuring a consistent top-down
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pressure during the experiment (Supporting Information
Fig. S3).

Periphyton biovolume and diversity
Flow reduction

The presence of macroinvertebrate assemblage reduced
algal biovolume under both HF and LF treatments. Further,
the effect of flow velocity on algal biovolume depended
on the presence of macroinvertebrates: in the absence of
macroinvertebrates, algal biovolume did not change with
decreasing flow velocity, whereas it decreased by 70% when
macroinvertebrates were present (Fig. 2a).

Macroinvertebrates also altered periphyton taxonomic com-
position, particularly at the algal-group level. Across all meso-
cosms, Bacillariophyta were predominant, but in the absence of
macroinvertebrates under LF conditions, Zygnematales increased
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markedly (+89.1%) and Cyanobacteria decreased (—61.7%), pro-
ducing a shift from Cyanobacteria dominance at HF to Chlo-
rophyta at LF (Fig. 2a).

Within Bacillariophyta (the dominant algal group), species-level
compositional changes across treatments were comparatively
modest (Fig. 2b). In control mesocosms with macroinvertebrates,
Achnanthidium minutissimum and Fragilaria crotonensis prevailed,
representing 32% and 35% of the total Bacillariophyta pop-
ulation, respectively. Diatoma tenuis predominated without
macroinvertebrates and under reduced flow velocity. These
four Bacillariophyta taxa accounted for most of the Bac-
illariophyta community, and their relative contributions
explain the patterns illustrated in Fig. 2b.

Flushing events
Algal biovolume was consistently lower in mesocosms with
macroinvertebrates than in those without, across all
Control
Groups
. Bacillariophyta
[ Charophyta
[ Chlorophyta
[ Cyanobacteria
[ Heterokontophyta
Ochrophyta
N E—
1 1
Ml No MI
Control
Taxon
B A. minutissimum
B D. tenuis

"l F crotonensis
P, brevistriata

Ml No Ml

Fig. 2. (a) Mean biovolume of different algal groups (error bars represent standard error among mesocosms, n = 3 per treatment) and (b) relative pro-
portions of the four dominant Bacillariophyta taxa, expressed as percentages of total Bacillariophyta biovolume, at high flow (HF) and low flow (LF), with
macroinvertebrates (MI) and without macroinvertebrates (No Ml). Control mesocosms (n = 1 each) are shown for descriptive purposes only.
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treatments. In both cases, total algal biovolume decreased after
the first flushing event by 24% and 38% in the mesocosms
with and without macroinvertebrates, respectively (Fig. 3a).
The periphyton taxonomic composition differed between
mesocosms with and without macroinvertebrates (Fig. 3b).
Bacillariophyta dominated the community under all flow
conditions, but the relative proportions among the four
dominant Bacillariophyta taxa shifted in the presence of
macroinvertebrates (Fig. 3b): A. minutissimum became
proportionally more dominant, whereas D. tenuis declined
(—51% and —10% in the F1 and Control treatments, respec-
tively). In addition, at the group level, the proportion of
Zygnematales (mostly Mougeotia spp.) decreased significantly
in experiments without macroinvertebrates following the
flushing event (Fig. 3a). Since all Charophyte taxa identified
in our samples belong to the genus Mougeotia, we classified
them under the order Zygnematales rather than the broader

(@)

Flow and macroinvertebrates drive river metabolism

phylum Charophyta, to avoid potential confusion with
stoneworts (true charophytes).

Metabolism
Flow reduction

Reduced flow lowered autotrophy in chambers but damp-
ened heterotrophy in mesocosms, with flow regime exerting a
stronger influence than macroinvertebrate presence. GPP and
ER estimates revealed both similarities and contrasts between
chamber-based and whole-mesocosm methods. The presence
of macroinvertebrates had only minor effects on GPP and ER,
with no consistent differences between treatments. At the
chamber scale, the periphyton remained autotrophic under
both HF and LF conditions (GPP > |ER|), although productivity
declined markedly at LF (Fig. 4a). In contrast, at the whole-
mesocosm scale, HF mesocosms were strongly heterotro-
phic ([ER| > GPP), whereas LF mesocosms shifted closer to

L F1 Control
1.0e+07 -
o~
CTIE
S 7.56+06 - Groups
"’E Bacillariophyta
= - Charophyta
o Chlorophyta
“E’ 5.0e+06 1l Cyanobacteria
S I Heterokontophyta
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> 2.5e+06 -
Qo
@ s
o e’
0.0e+00- = F==== 7 —1— ‘
Ml No Ml Ml No Ml Ml No Ml
(b) LF F1 Control
1.00-
c
S 0.75-
g Taxon
¢ B A. minutissimum
6 0.50- B D. tenuis
o [ FE crotonensis
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©
[} ;
o 0.25
0.00-
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Fig. 3. (a) Mean biovolume of different algal groups (error bars represen

t standard error among mesocosms, n = 3 per treatment) and (b) relative pro-

portions of the four major Bacillariophyta taxa, expressed as percentages of total Bacillariophyta biovolume, at low flow (LF) and during a flushing event

(F1), with macroinvertebrates (MI) and without macroinvertebrates (No M

7

1). Control mesocosms (n = 1 each) are shown for descriptive purposes only.
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Whole mesocosm - HF vs LF
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Fig. 4. Relationship between gross primary production (GPP) and ecosystem respiration (|ER|) under high flow (HF, red) and low flow (LF, blue) at the
(a) chamber and (b) whole-mesocosm scales. Circles represent treatments with macroinvertebrates (MI) and squares represent treatments without
macroinvertebrates (No MI). Each point represents a mesocosm-level mean (n= 3 per treatment). The dashed line indicates metabolic balance
(GPP = |ER|); points below the line are net autotrophic and those above the line are net heterotrophic.

metabolic balance (Fig. 4b). Detailed statistical comparisons of
GPP, ER, and NEP, including estimated marginal means, 95%
CIs, and pairwise contrasts, are provided in Supporting Infor-
mation Fig. S4 and Table S3. These analyses confirm that HF
chambers had significantly higher NEP than LF chambers,
whereas HF mesocosms were significantly more heterotrophic
than LF mesocosms.

Flushing events

GPP responded strongly to flushing at the chamber scale,
particularly in the absence of macroinvertebrates (No MI;
Fig. 5a; Supporting Information Table S4). GPP increased from
1.47g O, m 2 d ! at LF (95% CIL: 0.94-2.15) to 2.72 at F1
(+84%; p =0.033 vs. LF) and peaked at 4.06 at F2 (+176%;
p = 0.002). After the third flush, GPP decreased to 2.09 (+42%
relative to LF; this difference was not statistically significant,
p=0.173), indicating a return toward initial values. In
contrast, in chambers with macroinvertebrates (MI), GPP
remained consistently lower, ranging from 0.94 at LF to
1.53 at F2, with no significant fluctuations across events.

ER remained relatively stable across treatments at the
chamber scale (Fig. 5b; Supporting Information Table S4). In
the absence of macroinvertebrates, ER values ranged between
—0.45 and —0.17 g O, m > d ™!, with no significant differences
across events (all p > 0.05). With macroinvertebrates, ER was
also low and stable up to F2 (—-0.26 to —0.14) but dropped
sharply at F3 to —1.47 (relative to LF, p = 0.04).

NEP largely reflected GPP patterns at the chamber scale,
with pronounced but statistically non-significant responses to
flushing (Fig. 5c; Supporting Information Table S4). Without
macroinvertebrates, NEP increased from 1.02 at LF to 2.44 at
F1 (+139%) and peaked at 3.77 at F2 (+269%), although nei-
ther change was statistically significant (p =0.297 and

p =0.162, respectively). After the third flush, NEP decreased
to 1.86 (+82% relative to LF; p = 0.334), converging toward
baseline. With macroinvertebrates, NEP rose more modestly,
from 0.68 at LF to 1.38 at F2 (+103%; p = 0.783), and then
turned negative at F3 (—0.39, a 157% decrease; p = 0.248).

At the whole-mesocosm scale, GPP increased consistently
with flushing, regardless of macroinvertebrate presence. With
macroinvertebrates, GPP rose from 0.17 g O, m 2 d~! at LF
(95% CI: 0.13-0.21) to 0.26 at F1 (+57%; p<0.001) and
0.32 at F2 (+90%; p <0.001). Without macroinvertebrates,
values were higher overall and increased from 0.23 at LF to
0.39 at F1 (+68%; p <0.001), remaining at 0.38 at F2 (+66%;
p<0.001) (Fig. 6a; Supporting Information Table S4). Although
the dataset ended shortly after the third flushing event and
we lacked sufficient data to model whole-mesocosm metabo-
lism beyond F2, GPP (and consequently NEP) in mesocosms
without macroinvertebrates already tended to plateau after
the second flush, suggesting diminishing gains relative to the
first event.

ER and NEP both shifted toward reduced heterotrophy
with increasing flushing, especially in mesocosms without
macroinvertebrates. ER became less negative with increasing
flushing indicating a reduction in respiration magnitude.
With macroinvertebrates, ER shifted from —0.70 at LF to
—0.63 at F1 (+11%; p=0.15) and —0.53 at F2 (+25%;
p = 0.005). Without macroinvertebrates, ER showed a similar
pattern, changing from —0.85 at LF to —0.60 at F1 (+30%;
p<0.001) and further to —0.50 at F2 (+41%; p<0.001)
(Fig. 6b; Supporting Information Table S4). NEP followed the
trajectory of GPP. With macroinvertebrates, NEP increased
(became less negative) from —0.53 at LF to —0.36 at F1
(+32%; p =0.005) and —0.21 at F2 (+-61%; p < 0.001). With-
out macroinvertebrates, NEP rose (became less negative) from
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Fig. 5. Gross primary production (GPP), ecosystem respiration (ER), and net ecosystem production (NEP) (g O, m~2 d~") from chamber-scale measure-
ments under different flow velocity treatments. Red circles represent mesocosms with macroinvertebrates (MI) and blue squares represent mesocosms
without macroinvertebrates (No MI). Flow treatments include Low Flow (LF) and three flushing events of increasing frequency (F1, F2, F3). Symbols indi-
cate mean values and error bars represent 95% confidence intervals of the mixed-effects model estimates from the chamber measurements (n = 3 per
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Fig. 6. Gross primary production (GPP), ecosystem respiration (ER), and net ecosystem production (NEP) (g O, m~2 d~') from whole-mesocosm mea-
surements under different flow treatments. Red circles represent mesocosms with macroinvertebrates (MI) and blue squares represent mesocosms with-
out macroinvertebrates (No MI). Flow treatments include low flow (LF) and two flushing events of increasing frequency (F1, F2). Symbols indicate mean
values and error bars represent 95% confidence intervals of the mixed-effects model estimates at the whole-mesocosm scale (n = 3 per treatment).

—0.62 at LF to —0.21 at F1 (+66%; p < 0.001) and —0.12 at F2
(+81%; p < 0.001) (Fig. 6¢, Supporting Information Table S4).

Discussion

Interactions among flow velocity, macroinvertebrates, and
flushing events jointly shaped the structure and metabolism
of periphyton communities. Gradual flow changes influenced
ecosystem productivity, but the direction of responses
depended on the compartment considered. At the chamber
scale, which isolated periphyton activity, LF reduced autotro-
phic production, whereas at the whole-mesocosm scale, inte-
grating the whole system, LF reduced both autotrophic and
heterotrophic processes. Flushing events consistently altered
metabolism, stimulating GPP and NEP during the first events
but destabilizing the ecosystem when disturbance frequency
increased, as responses peaked and then declined. When

macroinvertebrates were present, the overall rates were lower
but more stable across events, showing that their activity
reduced fluctuations and helped stabilize metabolism and bio-
mass against repeated flushing.

Algal biomass and composition

In the absence of macroinvertebrates, algal biovolume
remained stable across flow treatments, while the presence of
macroinvertebrates reduced algal biovolume under both high-
and low-flow treatments. However, the magnitude of the
effect was flow-dependent: algal biovolume decreased by
~ 70% at LF compared to only a modest reduction at HF
(Fig. 2a). This pattern likely reflects reduced grazing efficiency
under high-flow conditions, where stronger hydrodynamic
forces constrain attachment and feeding (Rempel et al. 2000),
resulting in greater algal accumulation. However, sufficiently
high velocities can also scour periphyton, a threshold not
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reached under our experimental conditions. This interaction
between flow velocity and grazing is consistent with earlier
studies showing that HF disrupts grazing by limiting attach-
ment, whereas LF enables stable feeding and intensifies top-
down control on periphyton biomass (Poff and Ward 1989).
Consistently, the observed increase in Gammarus spp. biomass
during the experiment indicates that macroinvertebrates
exerted sustained grazing pressure, contributing to the reduc-
tion in periphyton biomass.

Macroinvertebrates influenced periphyton composition at both
the group and species levels. Under LF without macroinvertebrates,
Zygnematales (mainly Mougeotia spp.) increased markedly
(+89.1%), while Cyanobacteria declined (—61.7%), shifting
dominance from Cyanobacteria at HF to Chlorophyta at
LF. With macroinvertebrates, such shifts were absent, sug-
gesting that grazing buffered group-level changes. In contrast,
within Bacillariophyta (the dominant algal group across all treat-
ments), compositional differences were comparatively modest
(Fig. 2b). In control mesocosms with macroinvertebrates,
Achnanthidium minutissimum and Fragilaria crotonensis prevailed
(32% and 35% of Bacillariophyta biovolume, respectively),
whereas Diatoma tenuis predominated in the absence of
macroinvertebrates under LF. These results indicate that
macroinvertebrates altered periphyton primarily at the group
level, while species-level responses within Bacillariophyta were
smaller and more context-dependent.

Flushing events, in contrast to gradual flow reductions,
introduced an additional stress that altered periphyton com-
position regardless of grazer presence. In macroinvertebrate
mesocosms, A. minutissimum became proportionally more domi-
nant after the first flush, while D. tenuis declined. In treatments
without macroinvertebrates, Zygnematales (Mougeotia spp.)
declined sharply after flushing, highlighting their vulnerability
in the absence of grazing. Overall, flushing shifted community
structure across both treatments, consistent with the subsidy-
stress framework (Biggs et al. 1998), where intermediate distur-
bances may sustain biomass but repeated events destabilize
periphyton communities.

Finally, control mesocosms (n =1 each) provided qualita-
tive evidence of successional changes: pioneer taxa such as
A. minutissimum were initially dominant and later replaced by
taxa typical of more mature periphyton assemblages (Sekar
et al. 2004). While not included in statistical tests, these con-
trols suggest that part of the observed variation reflects natural
successional trajectories.

Metabolic responses to flow changes

Our results confirm that flow variability alters ecosystem
metabolism, consistent with previous studies (Uehlinger et al.
2003; Bernhardt et al. 2022; O’Donnell and Hotchkiss 2022).
The direction and magnitude of these responses depended on
the biotic compartments included in the metabolic estimates. At
the chamber scale, LF reduced periphyton productivity, as
reflected in lower DO dynamics, consistent with reduced

Flow and macroinvertebrates drive river metabolism

photosynthetic activity under diminished mixing and resource
delivery (Stevenson et al. 1996; Peipoch et al. 2016). In contrast,
whole-mesocosm measurements revealed that LF reduced both
GPP and ER. This whole-system signal integrates contributions
from periphyton, suspended organic matter, and sediments, and
suggests that reduced flow simultaneously suppressed autotro-
phic and heterotrophic activity, likely by limiting resource sup-
ply and sediment resuspension. These differences highlight that
chamber and mesocosm estimates capture distinct processes and
stress the need to integrate multiple scales of observation. High
flow had the opposite effect: it increased ER, consistent with
increased turbidity, the remobilization of organic matter, and
the stimulation of microbially driven respiration. Previous
studies confirm that even small sediment movements can alter
oxygen penetration, vertical water fluxes, and microbial activity
(Mendoza-Lera and Mutz 2013; Scheidweiler et al. 2021; Risse-
Buhl et al. 2023). This pattern indicates that flow impacts extend
well beyond the periphyton layer and are strongly mediated by
near-bed dynamics (Cardinale et al. 2002; Battin et al. 2008).

Flushing events added a temporal dimension. At the cham-
ber scale, initial flushes stimulated GPP more than ER, increas-
ing NEP, but repeated flushing progressively suppressed NEP,
particularly after the third event, when periphyton structure
was likely compromised. At the whole-mesocosm scale, flush-
ing also increased both GPP and ER, and NEP rose after the
first two events, but values remained negative, reflecting a
whole-system tendency toward heterotrophy. Our findings
indicate that while moderate disturbances can allow some
degree of metabolic adjustment, increasing disturbance fre-
quency destabilizes metabolic balance and shifts systems
toward heterotrophy. Consistent with previous studies
(Uehlinger 2000, 2006; Shabarova et al. 2021), frequent flush-
ing events appear to exceed the functional recovery capacity
of stream periphyton, reducing both resistance (the ability to
maintain function) and resilience (the ability to recover after
disturbance). Increasing disturbance frequency, as projected
under ongoing hydrological variability, may thus reduce auto-
trophic function and destabilize stream metabolism, with
implications for carbon cycling.

Macroinvertebrates as stabilizers

The macroinvertebrate assemblage not only reduced algal
biomass but also stabilized metabolic responses to flow
variation. While their presence lowered overall periphyton
biovolume, herbivorous activity likely prevented excessive bio-
mass accumulation (Hillebrand 2009), buffering the system
against drastic shifts in GPP and NEP. At the same time, nutri-
ent cycling may have been accelerated (Guasch et al. 2016),
enhancing metabolic flexibility and contributing to higher
NEP in control mesocosms with macroinvertebrates compared
to mesocosms without them. By promoting turnover of
periphyton biomass, the macroinvertebrate assemblage helped
prevent extreme fluctuations in productivity and respiration
following flushing events. They also mediated resilience
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indirectly through their influence on community composition
and trophic interactions. Previous studies have shown that
metabolic responses to HFs vary depending on ecosystem
characteristics (O’Donnell and Hotchkiss 2022), and our
results suggest that macroinvertebrate assemblages play a
central role in this regulation by shaping periphyton struc-
ture and function (Cibils-Martina et al. 2019). While physi-
cal factors such as substrate stability and disturbance
intensity determine the baseline resistance and resilience of
stream metabolism (Uehlinger et al. 2000; Uehlinger 2006),
macroinvertebrate assemblages act as an additional stabiliz-
ing force, enhancing nutrient turnover and moderating the
destabilizing effects of repeated disturbances. The interplay
between macroinvertebrate activity, nutrient dynamics,
and microbial processes remains complex, however, as
heterotrophic bacteria may offset some of the carbon fixa-
tion benefits of increased nutrient cycling. Future research
should therefore explore how macroinvertebrate activity,
microbial dynamics, and flow disturbances interact to
shape metabolic resistance and resilience in freshwater eco-
systems facing more frequent and intense hydrological
variability.

Our study demonstrates that flow variability interacts with
community composition to shape stream metabolism,
with consequences for riverine carbon cycling. These results
emphasize the joint roles of hydrological dynamics and
macroinvertebrate presence in regulating how energy and car-
bon are processed in running waters. By showing that the
metabolic outcomes of flow disturbances depend on the pres-
ence of a macroinvertebrate assemblage, our findings suggest
that reductions in consumer biomass could intensify the met-
abolic impacts of altered flow regimes. More broadly, they
highlight the interplay between physical drivers and biological
regulation in structuring the functional and structural charac-
teristics of aquatic ecosystems. As hydrological variability
increases under climate change, considering both flow dynam-
ics and community composition will be important for advanc-
ing predictions of riverine carbon budgets.
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