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Abstract Sandy streambeds are mobile even at low flow velocities at which sediments can be
transported as bedload, more specifically as migrating ripples. Small variations in discharge can result

in transitions between sediment transport and no-transport. Despite being inherent processes of streams
and rivers, the effect of sediment transport and transport regime transition on the phototrophic and
heterotrophic activity of streambed microbial communities remains unclear. We performed a microcosm
experiment mimicking sediment transport as migrating ripples (i.e., migrating) and no sediment transport
(i.e., stationary), and their transition to observe the response of the phototrophic and heterotrophic
microbial community. Both net community production and community respiration were respectively 77%
and 40% suppressed in migrating sediments compared to stationary sediments. In migrating sediments, a
combination of mechanical stress, light limitation, and limited habitable area likely hampered microbial
metabolism. Stationary conditions facilitated an active community of phototrophs, mainly diatoms,

as indicated by high net community production, high rates of dissolved organic carbon release and
silicon retention. After transitioning migrating to stationary and vice versa, differences were maintained
regardless of the change in mechanical stress and associated stressors, most likely as a result of the
interaction between their antecedent transport conditions and developmental stage that shaped the
microbial community. Our results indicate that sediment transported as migrating ripples at low flow
velocity can strongly modulate streambed metabolism, and discharge oscillations resulting in sediment
transport transitions will result in a mosaic of microbial activity and biomass that will emerge at larger
scales determining reach-scale metabolism.

1. Introduction

In streams and rivers, ecosystem metabolism (primary production and respiration) that is carried out by
multitrophic microbial communities residing mainly in the streambed is shaped by the master variable
flow (Battin et al., 2009, 2016; Risse-Buhl et al., 2020). Flow determines both nutrient supply and the sedi-
ment transport regime (Hart & Finelly, 1999; Poff et al., 1997). In general terms, sediment transport influ-
ences ecosystem metabolism by means of streambed hydromorphology and sediment stability (Atkinson
et al., 2008; Uehlinger et al., 2002). The latter one results from the interplay of sediment and flow char-
acteristics (Bridge, 2003). For example, floods are intensive and episodic events that mobilize and scour
the entire streambed deeply altering the streambed metabolism and microbial community structure (e.g.,
O’Connor et al., 2012; Uehlinger, 2000). In contrast, sediment transport at low flow (i.e., flow of water in
a stream during prolonged dry weather conditions [Smakhtin, 2001]) is of much less intensity, affecting
mainly the finer sediment grain sizes over longer periods (more than half of the year) (Biggs et al., 2005;
Bridge, 2003; Singh et al., 2019). Thus, while the former one is a strong shaping force acting episodically on
a large temporal scale (once per year [Biggs et al., 2005]), the latter one could potentially shape ecosystem
metabolism continuously during much longer periods. However, the implications for ecosystem metabo-
lism of low flow sediment transport are poorly understood.

At low flow, fine to medium sand (grain size ~0.1-0.7 mm) is mobilized and transported as bedload, more
specifically as migrating ripples at depth averaged flow velocities of <0.2-0.6 m s™ (Baas, 1999, 2003; Ue-
hlinger et al., 2002; Verdonschot, 2001). Ripple migration is characterized by an erosion-resting cycle (see
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Figure 1. Sediment transport in migrating ripples, patchy streambed with contrasting sediment transport regime and experimental setup. (a) Schematic
representation of bedform characteristics and sediment transport in migrating ripples; (b) patchy streambed with migrating ripples and stationary sediment in
the River Spree near Cottbus; (c) schematic representation of microcosms that mimicked migrating ripple (MIG) and stationary (STAT) treatments illustrating
sediment (brown) and control (gray) microcosms; (d) experimental setup displaying the acclimation phase, the sediment transport regime: migrating ripple
(dashed line) and stationary (solid line), and their transition resulting in two experimental phases (phase 1, P1 and phase 2, P2). Arrows indicate the duration of
phases and destructive sampling of microcosms (days 0, 6, and 13).

Figure 1a): shear stress erodes sand grains (and other organic particles) at the stoss side and transports them
toward the crest, from where they avalanche toward the trough and deposit. There, grains and particles are
buried by subsequent grains and remain at rest until the eroding upstream face of the ripple approaches
the grain’s position, whereupon the erosion-resting cycle starts again. The erosion scales in the range of
seconds, whereas the resting phase ranges from several minutes to a few hours according to ripple size and
flow velocity (Baas, 1999; Bridge, 2003; Harvey et al., 2012). The time that it takes to transport the entire
sediment volume of a ripple is named sediment turnover and is comparable to pore water exchange (Elliot
& Brooks, 1997; Savant et al., 1987). Migrating ripples are a common hydromorphological element cov-
ering between 20% and 50% of the streambed of a reach (Marcarelli et al., 2015; Mutz et al., 2001; Rabeni
et al., 2005; Wallbrink, 2004).

Migrating ripples create a unique, complex, and dynamic habitat for multitrophic microbial communities,
including heterotrophic bacteria and phototrophs (cyanobacteria and algae). We propose that the unique-
ness and complexity of this habitat relay on the combination of promoting and hampering factors. On
the one hand, ripples increase mixing of surface and interstitial water (Kaufman et al., 2017; Mendoza
Lera & Mutz, 2013; Wolke et al., 2020), supplying the microbial community with oxygen, carbon, and nu-
trients (Fischer et al., 2005; Zheng et al., 2019). Additionally, migrating ripples play an important role in
entrapping and releasing particulate organic matter (Harvey et al., 2012). On the other hand, the migration
of sand grains might result in (1) resting times too short to allow the microbial community to grow and
differentiate into complex biofilm architectures (Scheidweiler et al., 2019; Sinsabaugh et al., 2015; Zlatano-
vi¢ et al., 2017), (2) burial and thus light limitation for the phototrophs (Pilditch & Miller, 2006), and (3)
mechanical stress by grain collision causing cell disruption and biofilm abrasion (Delgado et al., 1991; D.
C. Miller, 1989; Probandt et al., 2018). The implications of these factors for ecosystem metabolism have
been recently studied for community respiration yet neglecting the phototrophic compartment (Wilczek
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et al., 2004; Zlatanovi¢ et al., 2017). No direct evidence exists for the effect of ripple migration on phototro-
phic communities and primary production. Previous research suggests that activity and abundance of pho-
totrophs in sand is lower compared to that in gravel and cobbles (Atkinson et al., 2008; Hoellein et al., 2009;
Marcarelli et al., 2015) and in sandy sediment, metabolism is dominated by heterotrophic processes (Mar-
carelli et al., 2015; Uehlinger et al., 2002). Community respiration is hampered by migrating sand regardless
of the organic matter entrapped in the sediment (Zlatanovic et al., 2017).

Flow velocity in a given reach is temporally dynamic and spatially heterogeneous even at low flow as a result
of channel morphology, changes in discharge and sediment inputs (Baas, 1999; Paola & Seal, 1995). In an
ideal stream reach, with well-mixed flow and a single acceleration due to gravity, the boundary shear stress
for sand transport are water depth and slope (Bridge, 2003; Leeder, 1982; Leopold et al., 1964). In a lowland
reach with a stream gradient of 0.03% (Hiinken & Mutz, 2007), small changes in water depth (~4 cm) can
result in the transition of sediment transport conditions within hours. While in some areas of the streambed
sand is transported as ripples, in other areas sand does not experience movement (i.e., stationary sediment;
Figure 1b). Sandy streambeds are thus a mosaic of migrating ripple and stationary habitats experiencing
frequent transitions. Therefore, microbial communities inhabiting sand beds experience a transition from
sediment migration to stationary and vice versa at a larger temporal scale than the eroding-resting cycle of
sand grains in a migrating ripple. To which extent the microbial communities adapt to the new conditions
is still unknown, yet research suggests that communities from migrating ripples can adjust to stationary
conditions within a few days (Atkinson et al., 2008; D. C. Miller, 1989; Zlatanovic et al., 2017).

Our study aimed at determining the effect of (i) sediment transport as occurring in migrating ripples (i.e.,
mechanical stress and light limitation) and (ii) the transition between ripple migration and stationary con-
ditions on the phototrophic (primary production) and heterotrophic (respiration) activity of a sediment
microbial community. We performed a microcosm experiment mimicking ripple migration and stationary
sediment, and their transition. First, we hypothesize that under migrating conditions, mechanical stress
and light limitation reduces phototrophic and heterotrophic microbial activity, as net community produc-
tion, community respiration, and bacterial production, by reducing phototrophic biomass and bacterial
abundance. Second, we hypothesize that phototrophs are likely more affected than bacteria by migrating
ripples due to their larger cell size and dependency on light and thus net community production and pho-
totrophic biomass will be more affected than community respiration and bacterial abundance. Third, we
hypothesize that the transition from migrating to stationary and vice versa results in changes of community
activity, phototrophic biomass, and bacterial abundance reflecting the antecedent scenarios, for example,
activity and biomass/abundance will increase when sediments stop migrating and will decrease when they
resume transport as ripples.

2. Materials and Methods

We performed a microcosm experiment under controlled temperature and light conditions in the labo-
ratory. Following a factorial design, we tested the effect of sediment transport and transition of sediment
transport regime on the activity of the phototrophic and heterotrophic microbial community of sandy sedi-
ments. Our experimental setup follows that of previous studies from Risse-Buhl et al. (2014) and Zlatanovi¢
et al. (2017). We mixed the microbial community of migrating ripple and stationary sediments to get an
inoculum for the experiment containing phototrophs and heterotrophs. In a first phase, we mimicked sedi-
ment transport in the form of migrating ripples and no sediment transport in the form of stationary condi-
tions. In a second phase, microcosms of one treatment were exposed to the opposite treatment conditions to
observe the effect of transport regime transition.

2.1. Sediment Sampling and Inoculation

We sampled sandy sediments (Dsy = 328 um, Do = 165 um, and Dy, = 475 pm, grain sized distribution shown
in Figure S1) from a patch of migrating ripples in a second-order lowland stream (Seebach, 52°13'08.5"N,
14°02'27.8"E, Brandenburg, Germany) in November 2014. The stream runs through deciduous forest that is
mainly composed of Beech (Fagus sylvatica L.), Alder (Alnus glutinosa L.), and agricultural landscape before
it drains into Lake Scharmditzelsee. Approximately 200 mL of sediments were collected from the uppermost
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0.5 cm of ripple crest and wet sieved (1 mm-63 wm) to exclude debris, silt, meiofauna and macrofauna. The
sediment was placed in 5 L of well aerated and recirculating stream water (sterile filtered through 0.22 um)
that was amended with nutrients to reach mesotrophic conditions (PO4-P 13 ug L™'; NO,-N 506 ug L™;
NH,-N 116 ug L™; Si0,-Si 10 g L™'; dissolved organic carbon [DOC] 5 mg C L™; and dissolved inorganic
nitrogen [DIN=NO,-N+NH,-N]:soluble reactive phosphorous [SRP] 23).

To obtain a mixed, homogeneous community, we added a microbial community from a stationary sediment
to the migrating ripple sediment community. We gently brushed the biofilm from 20 cobbles of the same
stream and filtered the suspension through a sieve of 63 um to remove meiofauna and macrofauna. This
community was added to the sampled migrating ripple sediments, which were placed in a climate chamber
(Binder, KBW 400, Germany) for acclimation at 12 h light:12 h dark cycle for 7 days. During the light period,
sediments received a photosynthetic active radiation of 60 + 15 pmol m™~ s (Osram, Lumilux, 18W/865XT
400-700 nm, Germany). The light regime ranges within the saturation irradiance of benthic phototrophic
communities (Roberts et al., 2004, and citations therein). The temperature was stepwise increased from
10°C (stream water in situ temperature) to 15°C (experimental temperature) at 1°C for 5 days (see Zlatano-
vi¢ et al., 2017) and stayed at 15°C for the remaining 2 days of the acclimation phase. The overlying water
was recirculated with a peristaltic pump (1 L h™; 520-SN, WatsonMarlow, Cheltenham, UK) to guarantee
continuous mixing and oxygen saturation. After the 7 days of acclimation, the sediment was gently mixed
before transferring it to the microcosms.

2.2. Experimental Setup

The experimental setup follows a factorial design and mimicked two treatments: migrating ripple and sta-
tionary sediments (Figure 1c). The eight microcosms mimicking migrating ripples (MIG) consisted of glass
tubes (48 mL, 2.5 cm in diameter, 6.5 cm in length) that were filled with sediment (5.5 mL, corresponding to
3.7 g dry mass, DM) and amended stream water (42.5 mL). The microcosms were closed without headspace
and placed horizontally. Sediment depth in migrating ripple microcosms was 0.8 cm at the deepest point.
The bottom of the microcosms was shaded using black tape in order to obtain a comparable area of sediment
exposed to light in both treatments (18 cm?®). The sediment transport typically observed in migrating rip-
ples was mimicked by horizontally rotating the microcosms around their longitudinal axes (see Figure 1c;
Risse-Buhl et al., 2014; Zlatanovi¢ et al., 2017). During the rotation, the topmost sand grains avalanched
from the brink point to the tube bottom along the sediment heap due to gravity force. Simultaneously, the
pore water was exchanged and mixed with the overlying water. One rotation lasted 30 s and sediment turn-
over was 1 h™'. The experimental frequency of the erosion-resting cycle, sediment turnover, resting time,
and exposure to light are all comparable to that of migrating stream ripples (Sukhodolov et al., 2006). As
control for microbial activity of the water, one additional microcosm was filled with amended stream water
and sterile glass spheres, to match the water volume.

The microcosms mimicking stationary conditions (STAT) consisted of glass syringes (48 mL, 2 cm in diam-
eter, 10.3 cm in length; Optima FORTUNA, Germany), where the 1.7-cm deep sediments (5.5 mL, corre-
sponding to 3.7 g DM) were perfused with amended stream water (Figure 1c). A peristaltic pump ensured a
flow against gravity from bottom to top (1.37 mL h™'; Ismatec, Glattbrugg, Switzerland) resulting in a pore
water residence time of 53 min, which matched the sediment turnover and hence the pore water residence
time of migrating ripple sediments. Thus, our experimental design maintained same pore water exchange
and same amount of incorporated organic matter between treatments. As control for microbial activity in
the water, an additional microcosm was filled with amended stream water and sterile glass beads (10 mm in
diameter) to generate a similar residence time as in the microcosms containing sediments.

All microcosms were kept in a temperature controlled climate chamber at 15°C (Binder, KBW 400, Germa-
ny) under a light:dark cycle of 12 h:12 h. Temperature was monitored in additional water-filled microcosms
throughout the experiment (HOBO, Onset, Bourne, MA, USA). At day 4 of the experiment, the dissolved
oxygen of migrating ripple treatment reached 4 mg L™". In order to avoid hypoxia and ensure aerobic metab-
olism, the overlying water was aerated through a sterile metal needle equipped with cellulose acetate filters
(0.2 um pore size) until oxygen saturation avoiding any disturbance of the sediment.
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The experiment consisted of two phases simulating the dynamics of the streambed in terms of sediment
transport (Figure 1d):

1. In phase 1 (P1), we studied the effect of migrating ripples on the phototrophic and heterotrophic mi-
crobial activity (n = 8). The microcosms run for 6 days as MIG-P1 and STAT-P1 treatments. At day 6,
four random replicates of each treatment were retrieved, opened, and destructively sampled for further
analyses.

2. In phase 2 (P2), we observed the effect of transport regime transition. We transferred the remaining
microcosms to the opposite treatment, that is, MIG-P1 sediments were placed in syringes for stationary
conditions (STAT-P2), and in turn STAT-P1 sediments were placed in glass tubes under migrating ripple
conditions (MIG-P2). The transition of sediments to the opposite microcosms was done within 4 h. New
amended stream water was added to each microcosms. Microcosms (n = 4) were incubated for another
7 days and the remaining four replicates of each treatment were opened and destructively sampled at
day 13.

Response variables for microbial activity were net community production (NCP), community respiration
(CR), bacterial production (BP), and dissolved inorganic nutrients and dissolved organic carbon retention
and release. Phototrophic biomass (Chlorophyll a [Chl a] and additional photosynthetic pigments) and
bacterial abundance were determined as descriptors for the microbial community in sandy sediments. Net
community production and community respiration were measured as changes in oxygen concentration
during light and dark periods every day. All other parameters were analyzed after opening and destructively
sampling the microcosms at days 0, 6, and 13.

2.3. Sediment Community Activity

All microcosms were equipped with one optode spot (PreSens GmbH, Regensburg, Germany) to monitor
oxygen concentrations every 15 min (Oxyl0, PreSens GmbH). Oxygen concentration varied between 4.7
and 14.4 mg L™ in migrating ripple microcosms and between 7.0 and 13.9 mg L™ in stationary microcosms.
The decrease of oxygen concentration averaged 0.9 mg L™ over all replicates, treatments, and phases during
the dark period. During the light period, the increase of oxygen concentration averaged 1.4 mg L™, except
in MIG-P1 where oxygen concentration decreased by 0.3 mg L™'. Microbial communities adjusted to the
microcosm conditions for 20 h. Data of the first 2 h after changing the light regime were excluded (Macedo
et al., 1998).

For the migrating ripple treatment, net community production (NCP; Equation 1) and community respira-
tion (CR; Equation 2) of the sediment were calculated as

dCyign dControl light \%
NCP, _ ig _ control,lig % 1
Mo [[ dt dt DM M

dC dCcontroI dark Vv
CR — || —dak || TR b | 2
G [ dt j [ dt J [ DM J @

where dC/dt is the change of oxygen concentration in time (mg O, L™ h™), the subscripts light and dark cor-
respond to the light period and control to the control microcosms, V is the volume of water in microcosms
(L), and DM is the sediment dry mass (g, see details below).

In the stationary treatment, oxygen concentration did not reach a steady plateau during the light or dark
period due to the low flow rate and related water mixing in the microcosm. Thus, measured oxygen concen-
trations were fitted to an exponential decay model (see supporting information Text S2 and Figure S2) and
the steady state concentrations Ciign and Caar Were then used to estimate net community production (NCP;
Equation 3) and community respiration (CR; Equation 4) as

Q
NCPsrar = (Clight - Ccontrol) X [m 3
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Q
CRSTAT = (Ccomrol - Cdark) X (m] (4)

where Ceonirol is the mean oxygen concentration in the control microcosms over 4 h after the seventh hour
of a light period, Q is the flow rate (L h™).

Bacterial production (BP) was estimated from sediment subsamples (0.5 mL) as the incorporation of radi-
olabeled [**C]leucine (50 uM final concentration; MP Biomedicals, Santa Ana, CA) into proteins following
Buesing and Gessner (2006) and Attermeyer et al. (2013). The samples were incubated for 60 min at 15°C
and reactions were stopped by adding trichloroacetic acid (TCA, 5% final concentration). Controls consisted
of parallel samples inactivated with TCA before [**C]leucine was added. The activity of the extracted protein
was determined by a scintillation counter (Packard Tri-Carb 1600CA) and converted into moles of leucine
incorporated per hour per gram DM. The rate of carbon produced was estimated following Buesing and
Gessner (2006).

2.4. Sediment Community Descriptors

To determine phototrophic biomass via photosynthetic pigments (Chlorophyll a and b, fucoxanthin, and
pheophytin a and b), sediment subsamples (3 mL) from each microcosm were stored at —20°C before ex-
traction with ethanol (99%) and several freeze-thaw cycles. Analysis were then performed by high-perfor-
mance liquid chromatography using a reversed-phase column (YMC C30, particle size 3 um, 250 X 2 mm,
Sepserv, Berlin) equipped with an ASI-100 auto sampler, a P680 pump, and a diode array detector PDA100,
connected to the Chromeleon software (DIONEX, 2005). Twenty microliters of extract was injected in the
column, in which the gradient elution (eluent A: 450 mL methanol, 200 mL acetonitrile, 300 mL HPLC-wa-
ter and 50 mL ion-pair reagent; eluent B: 300 mL methanol, 500 mL acetonitrile and 200 mL ethylacetate)
was maintained at 35°C with a flow of 0.3 mL min~". Pigments were calibrated using standards from the
DHI Water and Environment Institute (Horsholm, Denmark).

Bacterial abundance was estimated from sediment subsamples (1 mL) that were fixed with formaldehyde
(final concentration 2%). Cells were extracted from the sediment by sonication (2 times 4 2 min at 60% pow-
er; Transonic Digital Type T790/H; Elma, Singen, Germany), concentrated on 0.2 um black polycarbonate
membranes (Nuclepore; Whatman, Germany) and stained using 4’,6-di-amidino-2-phenylindole following
the protocol of Nixdorf and Jander (2003). At least 400 bacterial cells were scanned by epifluorescence mi-
croscopy (Axioskop Zeiss 1000X; Zeiss, Jena, Germany) in randomly selected squares (n > 30). Production
rates of photosynthetic pigments and growth rates of bacteria were calculated respectively as increase in
biomass or abundance from day 0 to day 6 for phase 1 and from day 6 to day 13 for phase 2.

A sediment subsample (1 mL) from each microcosm was dried till constant mass at 60°C for DM determi-
nation and then combusted to obtain ash-free dry mass (AFDM; 4 h, 500°C). All community descriptors are
represented per g DM of sediment.

2.5. Dissolved Organic Carbon and Inorganic Nutrient Concentrations

The water from migrating microcosms was collected at day 6 and day 13 representative for phases 1 and 2,
respectively. The outflowing water from the stationary microcosms was collected daily between days 1-6
and days 7-13 to obtain a composite sample over each phase. Background concentrations were determined
from control microcosms. Water samples were filtered (prewashed 0.45 um cellulose acetate filters; Sarto-
rius, Gottingen, Germany) and stored at —20°C for later analysis. DOC was measured with a total organic
carbon analyzer (Shimadzu, Tokyo, Japan). SRP, NO,-N, NH,-N, and SiO,-Si were determined spectrophoto-
metrically by a segmented flow injection analyzer (PERSTORP Analytical, Rodgau, Germany) and UV/VIS
spectrometer (Perkin Elmer, Rodgau, Germany), respectively, according to standard methods (DEV, 1976—
2009). Concentration data were used to calculate the percental difference between control and treatment
and the molar ratio of dissolved inorganic nitrogen (DIN = NO,-N + NH,4-N) to SRP. DOC and dissolved
nutrients were corrected for control concentrations and expressed as daily loads taking into consideration
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the total volume of water that was in the microcosms for each phase (MIG 40 mL, STAT-P1: 198 mL, and
STAT-P2: 231 mL). Negative values indicate retention and positive values indicate release.

2.6. Statistics

All statistical tests and graphics were performed in R (version 3.6.2; R Core Team, 2018). For graphical pres-
entation, we used the package “ggplot2” (Wickham, 2009). Daily data of metabolism of each experimental
phase were used to calculate the intercepts at days 6 and 13 (NCP and CR) and their slopes during each
phase (NCP dynamics and CR dynamics). Outliers defined as data points outside the 2 times inter quartile
range were excluded from graphical presentation and statistical tests of the metabolism data set. Between 1
and 2 values per parameter were excluded and number of replicates per treatment and phase was 3-8. Line-
ar mixed effects models were used for assessing the effect of sediment transport (ST), transport regime tran-
sition (TR), and their interaction (ST X TR; fixed effects) on intercepts and slopes of NCP and CR (response
variables), with replicate as random factor using the Imer function (package “Ime4” [Bates et al., 2015]; full
model: response variable ~ ST X TR + [1lreplicate]). p-Values were obtained by likelihood ratio tests of the
full model with the effect in question against the model without the effect in question (reduced model to test
for sediment transport effect: response variable ~ TR + [1lreplicate]; to test for transport regime transition
effect: response variable ~ ST + [1lreplicate]; to test for interaction: response variable ~ ST + TR + [1lrep-
licate]). Linear models were performed to assess effects of sediment transport, transport regime transition,
and their interaction on bacterial production and microbial community descriptors using the Im function
(response variable ~ ST x TR). For all models, pairwise comparisons were performed using emmeans func-
tion (package “emmeans,” Lenth, 2020). Differences were considered significant at p < 0.05. Visual inspec-
tion of residual plots did not reveal any obvious deviations from homoscedasticity or normality.

3. Results
3.1. Metabolism

Average net community production and community respiration as well as their dynamics were significantly
affected by both sediment transport and transport regime transition (Figure 2). Their significant interaction
indicated that microbial communities responded differently to sediment transport depending on the ex-
perimental phase. Before the transition (phase 1), net community production and community respiration
were respectively 77.0% and 39.7% lower in migrating sediments compared to stationary sediments (Figures
2a and 2c). Both net community production and community respiration were highly variable between the
replicates of the stationary treatment STAT-P1 (coefficient of variation: 0.70 and 0.34, respectively) in com-
parison to the migrating treatment MIG-P1 (0.29 and 0.13, respectively). The dynamics of net community
production (Figures 2b and S3) showed a general increase over time during phase 1, which was more pro-
nounced for stationary sediments (3.1 times higher than migrating treatment). On the contrary, community
respiration dynamics decreased over time for both treatments at comparable rates.

After the transition (phase 2), metabolism showed the opposite response to sediment transport than in
phase 1. Net community production and community respiration were respectively 31.4 times and 2.5 times
higher in migrating than in stationary sediments of phase 2 (Figures 2a and 2c). The dynamics of net com-
munity production showed a general increase for both treatments, which was higher for the migrating than
for the stationary sediments (Figures 2b and S3). Community respiration dynamics showed an increase over
time for migrating and a decrease for stationary sediments (Figure 2d).

The transport regime transition (i.e., MIG-P1 to STAT-P2 and STAT-P1 to MIG-P2) did not affect net com-
munity production, community respiration, or net community production dynamics (Figures 2a-2c) but
significantly affected community respiration dynamics (Figure 2d). Despite significantly different commu-
nity respiration dynamics, community respiration was comparable between MIG-P1 and STAT-P2 as well
as between STAT-P1 and MIG-P2. Comparing the treatments over both phases, net community produc-
tion and community respiration in MIG-P2 were respectively 10.5 times and 2.7 times higher compared to
MIG-P1. STAT-P2 had 10.4 times lower net community production compared to STAT-P1, whereas commu-
nity respiration was comparable between the two phases of this treatment.
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Figure 2. Boxplots displaying the effect of sediment transport and transport regime transition on the activity of

the sediment community. (a and b) Net community production (NCP) and (c and d) community respiration (CR)

of migrating ripple (MIG) and stationary (STAT) sediments of phase 1 (P1) and phase 2 (P2) after transport regime
transition. Daily data of NCP and CR of each phase are shown in Figure S3. Vertical dashed line separates experimental
phases. Description of boxes: top and bottom edge represent 75th and 25th percentile, respectively, solid line bisecting
the boxes represents the median, the diamond represents the mean, and ends of whiskers represent the 90th and 10th
percentile and black dots represent data points outside the 90th and 10th percentile (n = 3-8). Chi revealed form
likelihood ratio tests for effects of sediment transport (ST, df = 2), transport regime transition (TR, df = 2), and their
interaction (ST x TR, df = 1) are displayed in each plot. Different lower-case letters (a, b, c, ab) above boxes indicate
significant differences between treatments and phases (p < 0.05); similar letters indicate no significant difference

(p > 0.05).

3.2. Microbial Community Descriptors and Bacterial Production

At the beginning of phase 1, Chl a content was 0.38 + 0.06 ug g ' DM (Table 1). Fucoxanthin was the dom-
inant pigment and estimated 48.4% of Chl a. Chl b content was low and represented less than 5% of Chl a
(Table 1). Pheophytin a and b were detected at low concentrations of <0.03-0.09 ug g™ DM or below the
detection limit throughout the experiment.

Chl a ranged between 0.41 and 1.03 ug g DM throughout the experiment. Fucoxanthin was the domi-
nant pigment and made up between 39.6% and 53.8%, whereas Chl b ranged between 3.3% and 14.4% over
both phases. Chl b was affected neither by sediment transport nor by transport regime transition. Sediment
transport significantly affected Chl a (t-value = 5.06, p < 0.001) and fucoxanthin (t-value = 6.92, p < 0.001).
The significant interaction indicated that sediment transport effects on Chl a (t-value = —4.47, p < 0.001)
and fucoxanthin (t-value = —6.28, p < 0.001) differed depending on the experimental phase. For phase
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Table 1

Initial Microbial Community Composition in Sediments at the Beginning

1, no differences were observed among sediments for the two pigments
(Figures 3a-3c). However, during phase 2, both Chl a and fucoxanthin

of Phase 1 increased in migrating sediments (MIG-P2) resulting in 1.8 times higher
Descriptor Unit Mean + SD (1 = 4) concentrations compared to stationary sediments. The transition from
1 migrating to stationary did not affect Chl a or fucoxanthin, while the
Chla ugg ' DM 0.38 + 0.06 s ) L i ) .
1 transition from stationary to migrating resulted in 1.3 times and 1.4 times
Chlb ugg DM DD = B higher Chl a and fucoxanthin. Chl a and fucoxanthin in stationary sedi-
Fucoxanthin pg g DM 0.18 = 0.05 ments were comparable between phases.
. -1 7 7
Bacteria cells g DM 8.3X107£09x10 Bacterial abundance ranged between 3.98 x 10" and 1.04 x 10° cells g™
-1 -1
BP wgCg DMh 2298 +£2.73 DM and was significant negatively affected by sediment transport (¢-val-
Specific BP pg C cell™ 0.32 +0.03 ue = —3.99, p = 0.002, Figure 3d). Sediment transport effects were sim-

Note. BP, bacterial production; SD, standard deviation.

ilar between phases as confirmed by the missing significant interaction
(t-value = —1.55, p = 0.15). In both phases, bacteria were less abundant
in migrating than in stationary sediments. Additionally, the transition
from stationary to migrating resulted in 47.3% lower bacterial abundance,
while no changes occurred in the transition from migrating to stationary.

AFDM increased throughout the experiment from initially 1.98 + 0.13 to 2.49 + 0.17 mg AFDM g™ DM at
day 13. However, sediment transport did not significantly affect AFDM (t-value = 1.09, p = 0.30).
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Figure 3. Effects of sediment transport and transport regime transition on microbial community descriptors and
bacterial production. (a) Chl a, (b) Chl b, (c) fucoxanthin, (d) bacterial abundance, (e) bacterial production (BP), and
(f) specific bacterial production displaying the production per bacterial cell (mean + SD, n = 3-4) in migrating ripple
(MIG) and stationary (STAT) sediments of phase 1 (P1) and phase 2 (P2) after transport regime transition. Vertical
dotted line separates experimental phases. Different lower-case letters (a, b, ¢, ab) above boxes indicate significant
differences between treatments and phases (p < 0.05); similar letters indicate no significant difference (p > 0.05).
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Table 2
Phototrophic Biomass Production (ug g 'DM h™') and Bacterial Growth Rates (Cells g'DM h™") in Migrating Ripple (MIG) and Stationary (STAT) Sediments of
Phase 1 (P1) and Phase 2 (P2) After Transport Regime Transition (Mean + SD, n = 4)

Phase 1 (0-6 days) Phase 2 (7-13 days)
MIG-P1 STAT-P1 MIG-P2 STAT-P2 LM results
Chla 1.17 X 107 + 0.57 X 10 1.82 X 107 + 0.45 X 10 1.25% 107 £ 0.82 X 10 —387x10*+6.24x 10" ST, ST x TR
Chl b —2.92x 107 +4.01 x 10 —8.06 X 10° + 8.29 X 10~ —2.56x 107 + 1.78 X 10 —437x107° £4.22x 107 ns*
Fucoxanthin 428 x 10" +2.54 x 107 8.06 X107 +1.35x 107" 7.46 X 107" £ 3.25x 10™* —0.79x10*+232x 10" ST, ST x TR
Bacteria —9.96 x 107* +2.01 x 107* 8.44x 107 £+ 6.27 x 107* —0.27x10*+4.33 x 10 —8.89x 107 +0.11 x 10°° ST, TR

Note. Significant results (p < 0.05) of the linear model (LM) are represented by upper case letters for sediment transport (ST), transport regime transition (TR),
and their interaction (STXTR).

“ns, no significant effects.

3.3. Biomass Production and Nutrient Dynamics

Chl a increased in both migrating and stationary sediments during phase 1 (Table 2). During phase 2, Chl
a further increased in migrating sediments, while it decreased in stationary sediments. Production of fu-
coxanthin mirrored patterns of Chl a. Bacterial growth rates in migrating sediments of both phases were
negative, whereas in STAT-P1 sediments bacterial growth rates were positive (Table 2). In STAT-P2, growth
rates of bacteria were less negative than in migrating sediments.

Sediment transport affected bacterial production (t-value = —4.73, p < 0.001); however, this difference aris-
es from differences observed in phase 2 but not in phase 1 (Figure 3e). Specific bacterial production was
not affected by sediment transport (t-value = —1.12, p = 0.29), but by transport regime transition (¢-val-
ue = —5.25, p < 0.001) and was higher in phase 2 compared to phase 1 (Figures 3e and 3f). For phase 1, the
differences in bacterial abundance and production between migrating and stationary sediments resulted in
comparable specific bacterial production (Figure 3e).

Considering solute dynamics, we are aware that changes in loads were driven by both, biological and phys-
ical processes. Using the same sediment volume in all microcosms allowed comparing sediment transport
conditions and their transition. Daily DOC loads responded differently to sediment transport with respect
to transport regime transition (treatment: t-value = —3.50, p = 0.003) (Table 3). DOC was released from
STAT-P1 and retained in STAT-P2 sediments. SRP was released from both migrating sediments at higher
rates compared to both stationary sediments (treatment: t-value = —6.05, p < 0.001). Overall, NH,-N was
retained except for STAT-P2 where it was released. More NH,-N was retained in MIG-P1 than in STAT-P1
(treatment: t-value = 3.21, p = 0.005) at a comparable rate between phases. Except for MIG-P1, NO4-N was

Table 3
Daily Rates of Retention and Release of Dissolved Organic Carbon (DOC) and Dissolved Inorganic Nutrient Loads and Molar Ratio DIN:SRP of Migrating Ripple
(MIG) and Stationary (STAT) Sediments of Phase 1 (P1) and Phase 2 (P2) After Transport Regime Transition (Mean + SD, n = 4-8)

Phase 1 (days 0-6) Phase 2 (days 7-13)

MIG-P1 STAT-P1 MIG-P2 STAT-P2 LM results
DOC (ug day'l) 1.61 + 7.33 (5%) 28.42 + 35.18 (20%) 5.03 + 2.49 (22%) —49.09 + 17.72 (—20%) ST x TR
SRP (ug day’l) 0.351 £ 0.133 (1,012%) —0.002 + 0.045 (—1%) 0.222 + 0.161 (292%) 0.021 + 0.018 (19%) ST
N-NH, (ug day™) —0.36 + 0.06 (—65%) —0.22 + 0.09 (—37%) —0.35 + 0.04 (—55%) 0.75 + 0.02 (227%) ST, ST X TR
N-NO, (ug day™) 0.82 + 0.60 (27%) —5.19 + 0.85 (—34%) —2.08 + 0.37 (—64%) —6.06 + 2.58 (—60%) ST, TR
Si-Si0; (ug day'l) —19.00 + 3.90 (—27%) —41.52 + 5.77 (=12%) —23.33 £ 3.75 (=35%) —28.00 + 8.16 (—9%) ST, ST X TR
DIN:SRP 55+23 40.1 £ 14.8 39+44 18.9 + 10.3 ST

Note. Values in parentheses indicate the change in concentration with respect to the control. Significant effects (p < 0.05) of the linear model (LM) are
represented by upper case letters for sediment transport (ST), transition (TR), and their interaction (ST X TR).

Abbreviation: DIN, dissolved inorganic nitrogen.
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overall retained what resulted in differences between phases and overall the release or retention was lower
in migrating sediments compared to stationary sediments. Sediment transport significantly affected SiO,-
Si (treatment: t-value = —6.45, p < 0.001), where less SiO,-Si was retained in migrating than in stationary
sediments for both phases.

4. Discussion

Our study reveals that even at low flow, sediment transport and its dynamics (i.e., transport regime transi-
tion) modulates streambed metabolism by not only affecting the activity of the heterotrophic community,
but also that of the phototrophic community. This is, to the best of our knowledge, the first study to address
this overlooked aspect in streams and rivers. Given the large temporal extent (>50%) of low stream flow
periods during the year (Baas, 2003; Singh et al., 2019), our findings contribute to better understand the
temporal variability of metabolism and nutrient cycling between and within reaches during low flow peri-
ods at a velocity range of <0.2-0.6 m s™". Such low flow periods were observed to dominate the annual flow
at the majority of the 3,600 gauging stations covering streams and rivers in England and Wales (Booker &
Dunbar, 2008) and at 12 of 22 gauging stations at larger rivers in the United States (Verzano et al., 2012).
Based on the worldwide heavy catchment erosion and increased sand inputs, migrating ripples may become
even more common (Sutherland et al., 2010; Wood & Armitage, 1997). Furthermore, our results highlight
that the response of the sediment microbial community to sediment migration is conditioned by the ante-
cedent conditions the microbial community experienced. At the reach scale, ecosystem function of sand bed
streams is thus a product of the community responses to current sediment transport and the legacy of the
transitions between migration and stationary.

4.1. Phototrophic and Heterotrophic Microbial Activity Modulated by Migrating Ripples
(Phase 1)

In accordance with our first hypothesis, mechanical stress and light attenuation induced by ripple migra-
tion reduced overall metabolism. This expands previous findings limited to heterotrophic communities
(e.g., Wolke et al., 2020; Zlatanovi¢ et al., 2017). In similar microcosms to ours, Zlatanovi¢ et al. (2017)
reported an overall 38.0%-65.7% lower respiration in migrating ripples (turnover 2 h™") compared to station-
ary sediments. Despite a longer resting time in migrating ripple sediments of our experimental approach
(turnover 1 h™), community respiration was 39.7% lower compared to stationary sediments. Similar results
have been revealed from modeling as well as from flume experiments simulating stream bedforms and con-
tinental shelf bedforms (Ahmerkamp et al., 2015, 2017; Wolke et al., 2020; Zheng et al., 2019). For example,
respiration in German Bight sediments is 55.6%-78.9% lower at stations with migrating bedforms than at
stations with stationary bedforms (Ahmerkamp et al., 2017). In flumes simulating stream bedforms, oxygen
uptake was 50.4%-70.7% lower at the highest bedform migration velocity of 0.19 mm s (equivalent to a
turnover of 4.8 h™) than in stationary ripples (Wolke et al., 2020). In contrast to these studies, we included
the phototrophs in our observation showing that also net community production is hampered by ripple
migration (77.0%). Phototrophs added more complexity allowing a community with different trophic levels,
still the effects of sediment transport are maintained.

In streams and rivers, time for one full sediment turnover of a migrating ripple depends on bedform migra-
tion velocity and ripple length. Bedform migration velocity scales with bed shear stress (0.014-0.7 m h™)
(Lichtman et al., 2018); ripple length scales with grain size (0.03-0.65 m) (Charru et al., 2013) and is fur-
ther variable among ripple planforms (three-dimensional linguoid, two-dimensional straight-crested, and
sinuous-crest) (Baas, 1993). Hence, sediment turnover of migrating ripples in streams and rivers varies
from once per several minutes to once per few hours. The sediment turnover of 1 h™ in our microcosm
experiment corresponds to a ripple length of 16 cm (fully developed migrating ripple at the corresponding
grain size) (Baas, 1993) and to a bedform migration velocity of 0.44 mm s (average bedform migration ve-
locity observed for biologically colonized sandy sediments) (Lichtman et al., 2018). This beform migration
velocity is in the lower range of that reported for pure and biologically colonized sand observed in hydraulic
flumes (Baas, 1993; Elliot & Brooks, 1997; Wolke et al., 2020; Zheng et al., 2019). Though further research
is needed, we expect that at continuous ripple migration and/or at faster sediment turnover than in our
microcosm experiment (1 h™) and in the experiment of Zlatanovié et al. (2017) (2 h™") will have similar or
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even more pronounced negative effects on both net community production and community respiration. For
instance, with increasing sediment turnover, Wolke et al. (2020) reported decreasing oxygen uptake rates,
and D. C. Miller (1989) reported decreasing bacteria and diatom abundance. Whereas at slower sediment
turnover, that allows growth of heterotrophs and phototrophs, other response patterns can be expected.
Dunes for instance, either stationary or migrating, have been shown to have high oxygen uptake rates,
bacterial production, and abundance (Rutherford et al., 1991, 1993; Wilczek et al., 2004). This trend toward
increased respiration with decreasing sediment turnover suggests that the influence of sediment migration
is linked to mechanical stress.

Although resuspension and downstream transport of microbial cells as a result of sediment transport
(Risse-Buhl et al., 2014; Shimeta et al., 2002) can reduce the metabolism in migrating ripples, this effect has
been excluded in our setup. Further, our experimental approach maintained the same pore water exchange
and same content of organic matter between treatments. Thus, we propose that the observed reduced met-
abolic activity in migrating ripple compared to stationary sediments resulted mainly from three factors
associated with mechanical stress: physical abrasion, habitable area, and/or light limitation.

Rolling and/or sliding sediment grains colliding with microbial cells can cause both cell damage and bio-
film abrasion, as observed by raster electron microscopy on diatom shells (Delgado et al., 1991; D. C. Mill-
er, 1989). These authors discussed that diatoms may have specific physiological adaptations to withstand
cell breakage as potential survival strategy, for example, heavier frustules or production of extra mucus.
Moreover, small diatom taxa (<50 pm) can remain in sediment depressions where they are protected from
the physical abrasion (Jewson et al., 2006; Krejci & Lowe, 1986; A. R. Miller et al., 1987). Similarly, the small
cell size of bacteria (1 um) allows them to develop in sheltered areas at sand grains such as depressions,
fissures, and crevices where they are less exposed to physical abrasion (Ahmerkamp et al., 2020; Probandt
et al., 2018; Weise & Rheinheimer, 1978). Thus, mechanical stress could have acted as a selective force
limiting the community to the “habitable” area of sand grains. In stationary sediment, the “habitable” area
extends to almost the entire surface area of sand grains (except for the contact area among grains), allowing
a more abundant microbial community. This difference was likely enhanced by the flow-through setup
that ensured supply of solutes to the entire surface area. For example, Mendoza-Lera et al. (2017) showed
that higher advective supply of nutrients enhances the area colonizable by the microbial community. The
absence of sediment transport and presence of advective supply of nutrients, carbon, and oxygen likely
allowed phototrophs and bacteria to arrange themselves into complex architectures through the sediment
pores (Risse-Buhl et al., 2017, 2020; Scheidweiler et al., 2019). This arrangement is known to promote emer-
gent properties, which are not observable for instance in free-living bacterial cells including more efficient
use of resources (Flemming et al., 2016). In line with this, the retention of nitrate and the high DIN:SRP ra-
tio indicated efficient resource utilization in stationary sediments compared to migrating ones. In fact, sta-
tionary ripples are more efficient in removing nitrate than migrating ones (Zheng et al., 2019), pointing out
to the key effect of mechanical stress. Moreover, rates of DOC release indicate an active phototrophic com-
munity producing exudates which further promote heterotrophic activity (e.g., Espeland & Wetzel, 2001;
Romani & Sabater, 2000; Sobczak, 1996). Sediment stability likely facilitated hot spots of heterotrophic
activity in their proximity utilizing labile DOC, all resulting in high metabolic rates.

The microcosms were arranged in order to ensure the same light availability over both sediment transport
conditions. In stationary sediment, the phototrophic community likely established in the photic sediment
layer, which was approximately 2 mm deep (own measurements, data not published). In contrast, the ripple
sediment periodically migrated (1 h™") burying phototrophs within the sand heap, which were likely light
limited. Diatoms were the most abundant phototrophs as revealed by the high abundance of fucoxanthin
and by the high retention of soluble silicate, which is one of the necessary resources for producing the di-
atom frustule (see Kohl & Nicklisch, 1988). Motility of diatoms is advantageous to overcome burying and
light limitation (Dickman et al., 2005; Izagirre et al., 2009). Diatoms are described to move at velocities of
0.6-36 mm h™ (Cohn & Weitzell, 1996; Consalvey et al., 2004; Hay et al., 1993). Given this velocity range,
diatoms would need between 2 min and 13 h to reach the photic sediment surface considering a sediment
depth of a few grains (edges of the sand heap) to a maximum of 0.8 cm (center of sand heap). As micro-
cosms were resting for 1 h, it is reasonable to assume that a fraction of diatoms remained buried and needed
to cope with the limiting light conditions. Along this line, diatoms typically dominated dark grown biofilms
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(Izagirre et al., 2009; Sekar et al., 2002). Certain species of diatoms can switch their metabolism from pho-
toautotrophy toward heterotrophy respiring exogenous sugars or nitrate (Kamp et al., 2011; Lewin & Lew-
in, 1960; Villanova et al., 2017; Vincent & Goldman, 1980). In this way, they can guarantee the maintenance
of their energy requirements for cellular processes, growth, and motility when experiencing light limitation
during burying within migrating ripples.

4.2. Contrasting Migrating Ripple Effects on Phototrophs and Heterotrophs

The effect of ripple migration differed between phototrophs and heterotrophs. Regarding our second hy-
pothesis, we expected phototrophs to be more affected by mechanical stress of migrating ripples than bacte-
ria due to their larger cell size and dependency on light availability. In sandy reaches with sediment trans-
port, metabolism is dominated by heterotrophic processes (Marcarelli et al., 2015; Uehlinger et al., 2002).
While our results underline the negative effect of ripple migration, that is, mechanical stress, on bacterial
abundance (phases 1 and 2) and bacterial production (phase 2), the phototrophic descriptors Chl a and
fucoxanthin were not affected by sediment transport in phase 1, and peaked when stationary sediments
became migrating (phase 2). This increase in pigments under migration in phase 2 cooccurred with in-
creased net community production. We attribute this result to two factors. First, in our microcosms, drift
was excluded. If the resistant diatoms were detached from sand grains and not broken, they still remain in
the system contributing to metabolism. Second, pigment production per individual cell is increased under
light limitation (Bogorad, 1962). In this way, the cell will guarantee sufficient light for maintaining the
energy demand of cellular processes. Hence, changes in the pigment concentration in our sediments may
not mirror changes in phototroph abundance or activity but may be rather an indicator of light conditions.

4.3. Microbial Response Modulated by Transition of Sediment Transport Regime (Phase 1 vs. 2)

Our third hypothesis stated that microbial metabolism would decrease when sediment transport is resumed
and would increase when migration stopped. Although our data show that sediment transport regime tran-
sition influenced the microbial communities, the response is not the one that we predicted and more com-
plex patterns emerged. Fast recovery of microbial communities was expected in response to the absence of
mechanical stress and increase in “habitable” area (see above). Surprisingly, we observed that overall the
differences from phase 1 were maintained in phase 2 regardless of the change in mechanical stress and as-
sociated stressors (light, “habitable” area); in other words, migrating sediments during phase 2 had compa-
rable metabolism to stationary ones during phase 1 and vice versa. We suggest that this unexpected response
results from a combination of the sediment transport history and the developmental stage of the microbial
community. On the one hand, the microbial community after the transition had already experienced a
history of certain sediment transport conditions. The initial sediment transport conditions (i.e., migrating
ripple and stationary) in phase 1 determined the response of the microbial community in phase 2. This
implies that the antecedent sediment transport conditions that a community experienced (phase 1) could
have played a role in shaping the community response after transport transition (phase 2). On the other
hand, the response of the microbial community to mechanical stress and light limitation depends on their
development stage, as known from streambed scouring (Peterson et al., 1990; Sousa, 1980). The conditions
under which the community developed determined the metabolism and was maintained in the following
phase. Therefore, the effect of sediment transport is key to communities in an early developmental stage
but seems to be overridden as the community becomes more mature. Further research could include more
transitions and different sediment turnover rates. The response of microbial communities may depend on
how fast and for how long the ripples migrate. As an example, faster sediment turnover (>1 h™") and associ-
ated shorter resting times might affect communities that develop at stationary conditions more intensively
and hampering metabolism as does ripple migration in early developmental stage. During an 8-h-period of
ripple migration, bacterial and algal abundances were not reduced (D. C. Miller, 1989), while after 72 h of
ripple migration metabolism was reduced by about 50% (Zlatanovi¢ et al., 2017). Therefore, understanding
and upscaling the role of sediment transport at low flow on metabolism requires knowing not only the
mechanisms acting over the biogeochemical processes but also the spatiotemporal dynamics of microbial
communities and sediment transport.
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5. Conclusions

Our results illustrate the importance of sediment transport at low flow for streambed metabolism. The ham-
pering of the phototrophic (77%) and heterotrophic (40%) microbial activity, as consequence of sediment
transport as migrating ripples, resulted from mechanical forces, light limitation, and reduced “habitable”
area. Our results expand previous research to phototrophic communities, their activity is susceptible to
sediment migration while their biomass remained unaffected. Further, the influence of sediment transport
regime is conditioned by the antecedent sediment transport conditions as well as the developmental stage of
the sediment community prior to the initiation/end of sediment transport. Both the effect of migration and
transport timing may be considered when studying metabolism from sandy stream and river reaches. How-
ever, more research is needed to properly assess and incorporate the effect of sediment transport dynamics
and its spatiotemporal variability to reach-scale patterns of metabolism.
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