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Abstract Microbes are known to shape topographies; however, mechanisms of biofilm-sediment
interactions and the dynamic evolution of biofilm-covered bedforms remain poorly understood. Here, we
explore the effects of synthetic biofilms on the geometry and temporal evolution of underwater bedforms
through flume experiments. Our results demonstrate that synthetic biofilms can produce sedimentary structures
similar to those formed by natural microbes, including wrinkles, pits, flip-overs, roll-ups, mat chips, and
erosional edges. We observed the formation of wrinkles, a common geological feature, due to the accumulation
of sand grains on the biofilms. Furthermore, we demonstrated that biofilms can reduce bed roughness by an
order of magnitude in the low flow regime. However, the subsequent biofilm-sediment interactions can increase
local bedform size, forming multi-scale geometries of bedforms. Our study improves the fundamental
understanding of the landscape dynamics of bedforms covered by natural biofilms.

Plain Language Summary Microbes, such as algae and bacteria, are known to modify landscapes
through sediment stabilization, nutrient cycling, and the formation of sedimentary structures. Sediments
covered by microbial layers, referred to as biofilms, have been found in various environments, including
streams, coastal zones, and other shallow water ecosystems. However, our understanding of the role of biofilms
in shaping landscapes remains scarce due to a lack of systematically controlled experiments. To address this
research gap, we conducted experiments in a water channel and monitored the evolution of a bed covered by
synthetic biofilms. We observed the formation of sedimentary structures that are similar to microbially induced
sedimentary structures found in geological records and those observed on sediments covered by natural
biofilms. Our experiments suggest that while the initial biofilms can reduce bed roughness by up to an order of
magnitude, biofilm fragments can contribute to the formation of multi-scale geometries of bedforms by locally
increasing bed height due to their interaction and aggregation with sediments. Our results provide direct
observational data on how biofilms impact the time evolution and shape of bed topographies, offering a
foundation for predictions of bedforms and landscapes in the presence of microbial layers.

1. Introduction

Biofilms, consisting of microorganisms enclosed in extracellular polymeric substances (EPS), are found in a
variety of aquatic environments, including sediment surfaces in deep oceans, granular systems at the bottom of
rivers, and mudflat ecosystems (Depetris et al., 2022; Ericksson et al., 2004; Fagherazzi et al., 2017;
Gerdes, 2007). These microbial communities grow mainly in wet and moist environments, being found as mats or
films, and are one of the most spread life found on Earth (Ehrlich & Newman, 2008; Flemming et al., 2016; Reid
et al., 2000). The interaction of biofilms with flow and sediment can affect sediment erosion, contaminant
transport, and the dynamics and propagation of bedforms (Gerbersdorf et al., 2020). Additionally, microorgan-
isms could have potentially played an important role in shaping the Martian surface, leading to biosignatures that
could possibly explain the emergence of life (Noffke, 2010; Vago et al., 2017; Westall et al., 2015). Despite the
importance of biofilms in Earth surface processes, a fundamental understanding of the mechanisms underlying
these impacts remains lacking.

Biofilms impact sediment transport and bed topography through two ways. First, when interacting with granular
systems, biofilms can create a biological cohesion among grains by producing EPS, which functions as a glue that
bonds particles together and hinders their free movement (Fang et al., 2017; Gu et al., 2020; Neumann
et al.,, 1970). This process causes sediments to stick together and erode as micro-aggregates (Flemming &
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Wingender, 2010; Hagadorn & Mcdowell, 2012; Hu et al., 2003; Piqué et al., 2016; Vignaga et al., 2013). Second,
microorganisms can form membranes or carpet-like mats on the surface of the sediment bed (Andersen
et al., 2010; Dade et al., 1990; Stal, 2010; Yallop et al., 1994), providing shelters for the underneath grains until
the mats are detached or peeled off from the bed. Although many studies have explored the role of biological
cohesion in sediment bed topography (Malarkey et al., 2015; Parsons et al., 2016), the influence of mat-like
biofilms on the temporal evolution of sediment bed remains under-investigated.

The term “biofilm” refers for microbial cells encased in EPS on surfaces, typically with a thickness on the scale of
millimeters. The term “microbial mat” is used when the biofilms form thicker, mat-like layers, on the scale of
centimeters to decimeters, on the unbounded sediment surfaces (Cuadrado, 2020; Maisano et al., 2019). In the
present study, the term “biofilm” refers to the thick cohesive films on the sediment surface (Cuadrado, 2020).
Biofilms and microbial mats in aquatic ecosystems have been associated with the formation of various sedi-
mentary structures, such as wrinkles, pits, small-scale ripples, and other surface textures on rocks and sand beds,
respectively (Gerdes et al., 2000; Stal, 2012; Vignale et al., 2021). The formation of the Microbially Induced
Sedimentary Structures (MISS) is still being debated, and their shapes are controlled by several factors, including
mat thickness, grain sizes, flow conditions, and sources of formation (Cuadrado & Pan, 2018; Davies et al., 2016;
Hagadorn & Bottjer, 1997; Maisano et al., 2019; Noftke et al., 2001, 2006; Thomas et al., 2013). Among the
various types of sedimentary structures, wrinkles (pits or ridges on the order of millimeters or centimeters) have
been a focus of many studies due to their origin and modes of formation (Porada & Bouougri, 2007). Some
theories suggest that wrinkles could form beneath buried microbial mats (Hagadorn & Bottjer, 1999) or result
from mat deformation induced by shear stresses (Bouougri & Porada, 2002). In contrast, Mariotti et al. (2014)
observed the formation of wrinkles in a wave flume due to the movement of mat fragments under bed shear stress
below the critical shear stress of the sand. A key challenge in the theories explaining submerged wrinkles lies in
understanding how grains organize into ridges and pits, while simultaneously ensuring that no erosion of the mat
occurs. Despite the ongoing debates and many different theories regarding the origin of these structures,
experimental evidence about their formation remains limited, making it challenging to validate existing theories
or propose alternative formation processes.

Laboratory investigations in recent years have provided valuable insights into the important role of biofilms in
sediment transport, yet a fundamental understanding of the dynamic interactions between biofilms and sediment
remains incomplete. Experiments were performed in two main ways: by mixing synthetic EPS such as Xanthan
gun with sand (C. Chen et al., 2020; X. Chen et al., 2023; Malarkey et al., 2015; Parsons et al., 2016; Tolhurst
et al., 2002; Xuewu et al., 1996), or by cultivating biofilms with microbe-inoculated sand (Droppo et al., 2001;
Gibbs, 1983; Hagadorn & Mcdowell, 2012; Piqué et al., 2016). Using the former approach, Malarkey et al. (2015)
investigated bedform development with varying amounts of EPS (ratio of dry sand to dry Xanthan powder). The
authors showed that low concentrations of EPS within sediments can increase the time of bedform development
by up to two orders of magnitude. Similarly, Parsons et al. (2016) demonstrated that biological cohesion, formed
by the presence of EPS matrix, has a greater effect on the bedform development compared to physical cohesion,
which is caused by mud or clay. While this approach (mixing uniformly EPS with sand) simulates the effect of
biofilm-induced cohesion among sediment grains, they do not simulate the mat-like biofilm layers on the surface
of sediment bed. In the second approach, Hagadorn and Mcdowell (2012) studied the effect of microbial layers on
the sediment surface during the genesis of bedforms. They showed that mats thicker than 1 mm cause the grains to
transport in the form of aggregates and observed the flip-over, roll-up, and rip-up structures resulting from in-
teractions between sand and biofilms. In addition, they showed that grains around 3—5 mm below the sediment
surface have much less microbial communities than grains at the surface. Even though the authors explored the
initial phase of the biofilm formation—where a film or mat is formed on the sediment surface—the processes of
sedimentation and deposition of microbial layers can present colonized sediments underneath the surface, leading
to more complex interactions (Cuadrado, 2020). While the studies with natural biofilms reproduced sedimentary
structures resembling those found in geological records (Hagadorn & Mcdowell, 2012), detailed quantitative
measurements of the temporal evolution of the bedforms remain lacking. A fundamental understanding of the
temporal evolution of biofilm-impacted topography is critical because the interactions between the biofilms and
sediments are dynamic processes, and the mechanisms underlying the formation of bedforms influenced by
biofilms remains unclear. To the authors' knowledge, few if any studies have investigated how biofilms (which
may modify the active and underlying layers of the sediment bed) can affect the temporal evolution of bedforms
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while simultaneously producing sedimentary structures similar to those observed in microbially induced struc-
tures within geological records.

This study aims to investigate the effect of biofilms on the temporal evolution of bedforms through flume ex-
periments. By creating a synthetic biofilm and applying it to the sediment bed, we examine the influence of
biofilms on bedform generation, the interactions between biofilm fragments and sediments, and the role of these
interactions in shaping bedform structures. Our results elucidate the mechanisms by which biofilms impact the
bedforms evolution, providing a method to study the evolution of ancient strata inside laboratory, and laying a
foundation for future prediction of bedforms covered by natural microbial layers.

2. Materials and Methods

Experiments were conducted in the tilting sediment-recirculating flume that is 15.0 m long, 0.92 m wide, and
0.65 m deep at Saint Anthony Falls Laboratory (SAFL) at the University of Minnesota, Twin Cities. Water flow
was controlled by a hydraulic valve, and flow rate was determined by a calibration curve. We used a fixed tailgate
of 26 cm located downstream of the channel to maintain a minimum flow depth (Martin & Jerolmack, 2013). In
addition, in downstream of the bed, we placed a 13 cm wall to maintain a minimum depth of sediments in the
flume. The initial condition for all tests was a flatbed composed of silica particles of median grain size of
dsy = 0.45 mm and density of p, = 2650 kg/m3. The flow discharge (Q) ranged from 171.3 to 219.9 m3/hr to
generate different sizes of bedforms (ripple-like to dune-like shape, which we will call here low and high flow
regimes, respectively). The water depth () varied from 0.16 to 0.20 m, and the bulk flow velocity U = Q/Bh
ranged from 0.29 to 0.37 m/s, where B is the channel width. The shear velocity u, ranged from 0.02 to 0.07 m/s,
and it was obtained by the mean momentum equation in uniform flow, u, = \/m, where g = 9.81 m/s? is the
gravitational acceleration, R, = Bh/B + 2his the hydraulic radius, and S,, is the slope of water-free surface. We
set the flume at slopes of 0 and 0.2° to achieve the low and high flow regimes, respectively. The test section was
5 m long in the flume and started at 7 m from the inlet of water, which provided roughly a steady water surface
slope. To minimize the disturbances on the flow in the inlet part of the channel, we used a mesh of cobbles, a
matrix of pipes, and cardboard box located downstream of the head box (see Supporting Information S1 for the
calibration curve, a layout of the experimental setup and all hydraulic parameters in each tested case).

The topography evolution was measured using a JSR Ultrasonic DPR300 Pulser/Receiver with transducer fre-
quencies ranging from 1 to 2.25 MHz. The sonar system can record bed elevation with millimeter accuracy, and
we set to acquire bed topography every 1 cm during each swath. We scanned the center line of the channel while
the transducer was submerged roughly 1 cm below the water surface, to avoid any disturbance in the flow related
to the measurements. The elevation of water was taken using a MassaSonic M-500/220 ultrasonic probe set to
measure it every 1 cm as well. The topography and water elevation were recorded in CSV files. MatLab and
Python codes were written to post-process the data. For the data processing, we used the same approach presented
in Lee et al. (2021, 2022). The bed profiles were decomposed into small- and large-scale bedforms using the Fast
Fourier Transform (FFT) with low- and high-pass filters, respectively. The cut-off lengths used to separate
different scales of bedforms were based on the 95th percentile of bedform lengths in the unfiltered data. We
quantified the evolution of the mean steepness of the bed (H/L), which is the ratio of the mean height (H) to the
mean length (Z) , and the mean bed roughness (K) for each swath, in accordance with Lee et al. (2021). The bed

roughness K, = 25H"/T was determined based on Van Rijn (1984) and Parsons et al. (2016).

To create synthetic biofilms, we mixed Xanthan gum (Catalog Number: 32096 from Chem-Impex company) with
water, and we created a gel of 5% (weight ratio of Xanthan powder to water). This gel resembles the biofilms
found near the surface regions (C. Chen et al., 2019), which have EPS ranging from ~ 1% to ~ 5% (dry weight) in
freshwater and intertidal muds, respectively (Gerbersdorf et al., 2009; Malarkey et al., 2015; Taylor & Pater-
son, 1998). The gel can form a mat-like structure similar to the biofilms cultivated using natural microbes
(Hagadorn & Mcdowell, 2012; Piqué et al., 2016), and the amount added to the sediments was based on the
volume of sand in the flume once the abiotic bedforms reached a steady-state condition. This procedure provided
a biofilm thickness of roughly 4 mm. Once the solution was prepared, we waited 24 hr before applying it over the
wet sediments, and another 24 hr before starting the experiment. We selected this range of time to prepare and
apply the gel-like material over the bed to ensure better adhesion to the sediments and to minimize any possible
evaporation that could occur in the biopolymer when exposed to air for longer periods (C. Chen et al., 2020;
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Fagherazzi et al., 2017; Vignaga et al., 2012). If the gel were left to sit much longer, it could dry out and develop
cracks, making it unsuitable to simulate biofilms in fully saturated conditions. In order to compare the gel with
biofilms, we measured the peak tensile stress on the material using MTS LSB 102D equipment with a load cell of
100 N. The peak stress found was 3333 + 444 Pa and the results were within the range presented by previous
works (Vignaga et al., 2012). Finally, we measured the rheology properties of the synthetic mat using a DHR
5333-0056 rheometer (see Supporting Information S1 for photos of the initial mat thickness, information about
the initial conditions, and all measured data presented in this manuscript).

3. Results
3.1. Biofilm-Induced Sedimentary Structures

After running water through the channel above the sediment bed covered with synthetic biofilm, we observed
structures including flip-overs, roll-ups, wrinkles, mat chips, pits, and erosional edges, as shown in Figure 1a—1f.
Our observations were similar to the microbially induced sedimentary structures found in Western Australia
(Figures 1g, 1h, 1k, and 11 from Noffke et al. (2013)), sandstones (Figure 1i from Sarkar et al. (2016)), and rock
records (Figure 1j from Mariotti et al. (2014)). The formation of flip-overs occurred primarily at the beginning of
the experiments, when the flow caused the mat to tear and bend (Figure 1a). Subsequently, mat fragments and roll-
up structures occurred when biofilms started rolling and curling up, aggregating with sand and other mat parts
(Figure 1b).

From Figures 1a and 1b, we note that the process of peeling off the biofilm was not homogeneous throughout the
flume, causing fractions of biofilms to aggregate with other film or sand parts. This effect increases the thickness
of the biofilm in some parts of the channel, making it more resistant to erosion. As a result of the heterogeneity of
the biofilms, some parts were eroded during the flow, while other parts got trapped in the sediments. These
trapped fragments were later buried by the sand moving from upstream, generating layered sedimentary structures
(see Supporting Information S1 for a photo taken from a frozen sand below the sediment surface showing the
buried biofilm). Our experiments further suggest that the buried biofilm fragments can trap sediment moving
above them, generating irregular wrinkle-like structures (Figures 1c and 2d).

In addition to wrinkles, pits were observed as a result of the detachment of buried mat from the bed (Figure 1d).
We also noted the presence of pits and wrinkles on the same bed. Furthermore, Figure 1e shows the presence of
mat chips, which are segments of the biofilm that were broken from the mat and integrated with sand. Finally,
Figure 1f presents erosional edges, slightly higher surfaces due to erosion of a large part of the mat. The similarity
between the structures generated using synthetic biofilms and those observed in geological records, as well as in
previous studies using natural microbes, indicates that the synthetic mats we created effectively replicated the role
of biofilms in bedform formation. In contrast to natural biofilms, which can take months to develop in large scale
experiments, synthetic biofilms provide a rapid and alternative method for investigating the effect of microbial
layers on bed topography under various hydrodynamic conditions.

3.2. Genesis of Bedforms

To investigate the bed evolution, we recorded the formation of bedforms with and without synthetic biofilms.
Figure 2 shows the bed evolution for both abiotic and biofilm-bound sediments during low and high flow regimes.
In the abiotic scenario, the bedforms reached a steady state condition within 5-10 hr, remaining roughly the same
morphology obtained in the last panels of Figures 2a and 2c, with ripple and dune-like shapes for low and high
flow regimes, respectively. In addition to time lapse images, we scanned the topography using acoustic
echosounders and computed the spatio-temporal evolution of the bed for abiotic sand (Figures 3a and 3b) and
biofilm-covered sand (Figures 3c and 3d) under both the low and high flow conditions.

In the low flow regime (u, in the range of 0.02-0.03 m/s; see Supporting Information S1 for all hydraulic pa-
rameters), the spatially averaged steepness and roughness of abiotic sediment bed increased over the first 8 hr, and
then remained roughly constant at 0.04 and 13.51 mm (Figures 3e and 3g), respectively. In contrast, for biofilm-
covered sediment, the bed steepness and roughness increased in the first 2 hr due to biofilm erosion, before
reaching a plateau. At this plateau, the bed steepness in the biotic case was 0.01, four times smaller than the case
without biofilms, while the bed roughness was 2.00 mm, an order of magnitude smaller than the value for abiotic
sand. Similarly, in high flow regime (u, in the range of 0.07 m/s), the steepness and roughness of abiotic bed
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Figure 1. Snapshots showing sedimentary structures on the bed due to synthetic biofilms (a—f), and microbially induced
sedimentary structures due to natural microbial mats (g-1). Flip-over (a, g), roll-up (b, h), wrinkles (c, i), pits (d, j), mat chips
(e, k), and erosional edges (f, 1). Figures (g, h, k, 1) were located in Western Australia and were extracted and modified from
Noftke et al. (2013). Figures (i, j) were extracted and modified from Sarkar et al. (2016) and Mariotti et al. (2014),
respectively.

reached 0.04 and 25.84 mm, while the biofilm condition reduced these values to 0.03 and 14.30 mm (Figures 3f
and 3h), respectively. Our study first confirms the role of biofilms in suppressing the initial formation of bedforms
and further suggests that this effect depends on the bed shear stress or flow rate and thickness of the microbial
layers on the sediment surface (Hagadorn & Mcdowell, 2012).

3.3. Multi-Scale Bedforms Induced by Biofilm-Sediment Interactions

During our experiments, abiotic bedforms reached their equilibrium shape within the 5-10 hr from the beginning
of the experiments, remaining in the steady condition afterward (Figures 3e—3h). However, for biofilm-covered
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Low Flow Regime

100 mm

Figure 2. Figures (a, b) show the bed evolution in abiotic and biotic cases during the low flow discharge, while figures (c, d)
illustrate bed development in the high flow regime for the same cases. The flow is from left to right in all images. Note that
the times are different in each row.

sediment, we observed subsequent changes in bed topography due to the dynamic interactions between sand and
buried biofilms after 15 hr. As presented in Section 3.1, part of the biofilms was buried during the process of
erosion. This buried biofilm can create wrinkle-like structures due to the accumulation of sand over the irregular
buried film, as well as change the bedforms size and migration beyond the early stage (time less than 15 hr). To
capture this effect, we measured the spatio-temporal evolution for the biofilm-sand condition in low and high flow
regimes, as shown in Figures 4a and 4b (the dashed lines are set on 15 hr in each figure), respectively.

In the low flow regime, we observed the formation of chunks of sand, resulting from aggregation of buried
biofilms and moving sediments. The clumps of sediment lead to the formation of locally elevated bedforms, as
shown by the red fronts in Figure 4a. These locally elevated bedform features resulted in bedforms with multi-
scale heights and wavelengths (Figures 4a and 4c). However, it was not observed in the high flow regime
(Figure 4b), as the flow condition was strong enough to break the aggregation. Figures 4c and d present
topography along the center line of the channel at the instants of 15 and 30 hr for abiotic and biofilm conditions in
the low flow regime, and 15 and 45 hr for the same conditions in the high flow regime, respectively. For the
biofilm-covered beds in the low flow regime (Figure 4c), we observe the presence of a larger bedform with the
wavelength and height on the order of 1 m and 40 mm, respectively, while small bedforms located downstream
exhibit wavelengths and heights on the order of 10 mm and 0.1 m. We included in the Supporting Information S1
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Figure 3. Figures (a, c) show the spatio-temporal evolution of abiotic and biofilm-covered beds in the low flow regime, while
Figures (b, d) show the cases in the high flow regime. Figures (e, f) show the evolution of the spatially averaged steepness,
while (g, h) present the spatially averaged bed roughness for abiotic and biotic scenarios during low and high flow
discharges, respectively.

snapshots of bedforms over a biofilm layer, a test case where we imposed a patch of biofilms, and profiles of the
bedforms over time. The observation of multi-scale bedforms due to biofilms, to our knowledge, has rarely been
discussed in previous studies.

To further investigate the distribution of bedform sizes, we analyzed the morphology (heights and lengths) and
dynamics (celerities) using HPF (High-Pass Filter, subscript #) and LPF (Low-Pass Filter, subscript /) filters
based on the probability density functions (PDFs). The analysis using high and low pass filters allows us to
identify two distinct spatial signals, decoupling the signals into fast and small bedforms (HPF) along with slow
and large bedforms (LPF) (Lee et al., 2021). The data presented in Figures 4e—4g is from the low flow regime
experiment (see Supporting Information S1 for the high flow regime data), as no significant changes were
observed once we imposed higher shear velocity. We analyzed the data from 15 hr onwards, as the biofilms had
already eroded at that time, and compared it with the steady-state condition for abiotic sand (last 5 hr of the
Figures 3a and 3b). Compared with abiotic sand, which has mean values of H, = 14.68 mm and H; = 15.79 mm at
the plateau state (from 10 to 15 hr), the H,, and H, for biofilm-covered sand are 12.12 and 14.40 mm at 15 hr
onward (Figure 4e). This difference suggests that buried biofilms decreased the height of small-scale bedforms
(HPF) due to the presence of EPS on the bed and the trapping of sediments on the surface mat.

The mean values of the length distributions of HPF and LPF were 0.16 and 0.44 m for abiotic sand, while biofilm-
covered sand reached values of 0.19 and 0.63 m, respectively (Figure 4f). It suggests that biofilms increased the
wavelengths of bedforms (HPF) due to the trapping of sediments on the surface mat, and also increased the length
of large-scale bedforms (LPF) due to sediment aggregation (see Figures S4 and S5 in Supporting Information S1
for a buried synthetic biofilm and for ripples crossing biofilm layers, respectively). A similar trend is observed in
the celerity (Figure 4g), where biofilm-covered small-scale bedforms presented slightly higher mean velocities
(U, = 0.07 mm/s) compared with abiotic sand (U, = 0.05 mm/s). Compared with the decrease in the size of
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Figure 4. Figures (a, b) show the spatio-temporal evolution of biofilm-covered beds for low and high flow discharges (the
dashed lines are set to 15 hr). Figures (c, d) present topography along the center line of the channel comparing the biofilm-
bound condition with the abiotic cases for low and high flow regimes, respectively. Figures (e, f, g) show PDFs of bedforms
heights, lengths and celerities using HPF and LPF for low discharge, respectively.

bedforms composed of cohesive materials (EPS or clay in Malarkey et al. (2015) and Parsons et al. (2016)), our
results show that the interactions between biofilms and sand can increase the bed size due to the agglomeration of
sediments by buried biofilms, leading to the formation of multi-scale geometries of bedforms.

4. Discussion

The flip-overs, roll-ups, mat chips, and erosional edges observed in our study are similar to those documented in
the field by Maisano et al. (2019, 2023), and in the laboratory experiments with natural microorganisms
(Hagadorn & Mcdowell, 2012). Additionally, we observed eroding and burying processes of synthetic biofilms
over time, consistent with the observations by Schieber (2007) using natural microbial mats. Moreover, we
noticed the formation of irregular wrinkle-like structures caused by buried biofilm fragments trapping sand
moving above them. This wrinkle formation mechanism, due to the differential movement of biofilm and
sediment layers, resembles the mechanisms of adhesion ripples in air, where dry sand grains adhere to a wet
surface (Kocurek & Fielder, 1982). The biofilm-induced wrinkles (Hagadorn & Bottjer, 1997) have some sim-
ilarities with the modern wrinkle patterns described in Porada and Bouougri (2007). Similarly, wrinkles have also
been observed when a layer of sand moved over mud in intertidal regions (Allen, 1984), consistent with our
observation that the differential movement of two layers of materials can generate wrinkle structures. While the
wrinkle-like structures are due to the differential movement of biofilm and sediment layers in our experiments,
more regular reticulate patterns were formed by cyanobacteria on the top of microbial mats after a storm, as
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documented in a field study by Cuadrado and Pan (2018). In addition, mat fragments have been shown to shape
sand surface generating wrinkle-like structures in a wave tank when the fluid flow is below the threshold of
sediment transport (Mariotti et al., 2014).

During the genesis of bedforms, we observed that biofilms can suppress entirely the formation of the bed,
specially during the low flow regimes (u,, in the range of 0.02-0.03 m/s). Our results show that the imposed shear
velocity could break the biofilm layer (forming the sedimentary structures presented in Figure 1), but it was not
strong enough to form bedforms during the initial stages of evolution. It is important to note that the experimental
replicates provide similar sedimentary structures as shown in Figure 1 with consistent genesis of bedforms within
the initial 15 hr (Figure S12 in Supporting Information S1). In Figure S13a in Supporting Information S1,
bedforms appeared around 20 hr from the start of the experiment. In contrast, in Figure 4a, bedforms appeared
around 15-16 hr from the beginning of the experiments. This small variation is likely due to the heterogeneity of
biofilms and flows across different cases. The effect of suppressing bed formation in the high flow regime (u, in
the range of in the range of 0.07 m/s) is smaller than in the low flow regime, likely because the stronger shear
velocity can more easily disrupt the biofilm layers and form bedforms afterward. Different from our laboratory
study (which we investigated the genesis of bedforms and not the initiation of sedimentary structures), field
works, such as Maisano et al. (2019, 2023), explored the MISS formation during seawater floodings, showing that
slow currents (0.5 m/s as velocity), can rip mat fragments from the underlying sediments, while severe storms
(1.6 m/s as velocity) could tear the superficial cohesive microbial mat, creating large roll-up structures over long
distances in the tidal flat. These studies corroborate with our laboratory method, which shows that sedimentary
structures could be formed under high and low hydrodynamic conditions, but the bedform formation is more
prominent during the high flow discharge when in the presence of biofilms.

Lastly, the interaction between biofilms and sediments can lead to the formation of multi-scale geometries of
bedforms by locally increasing bed height due to biofilm-sediment aggregation. When compared with field
works, biofilm-induced elevated bedforms have been observed in nature, as described in the book of Davis and
Dalrymple (2012), particularly in Figure 10.17j, where ripple surface is covered by an elevated sand patch sta-
bilized by diatoms. Additionally, we showed that biofilm-sediment interactions can decrease the height of small-
scale bedforms (HPF) due to the presence of EPS on the bed and the trapping of sediments on the surface mat. In
accordance with our study, Cuadrado (2020) presented field observations on ripple bed development in a tidal flat.
The author provided evidence that floods currents can cause sediment transport across the microbial mats,
forming several types of ripples. Moreover, the detached microbial mats could form folds, resulting in very small
biostabilized ripples on their surface, where the formation of these ripples occurred due to the accumulation of
sand on the microbial mats. Although our experiments show that using synthetic biofilms can produce sedi-
mentary structures resembling those in geological records, we acknowledge that natural environments may
present more dynamic conditions—such as floods, seasonal variations, biofilm patches, and microbial recolo-
nization in sediments—potentially leading to more complex outcomes.

5. Conclusions

In the present study, we investigated the effects of sediments covered by microbial layers on the geometry and
temporal evolution of bedforms through flume experiments using synthetic biofilms. We provide laboratory
evidences that synthetic biofilms can reproduce sedimentary structures similar to those found in geological re-
cords attributed to natural microbes, such as pits, wrinkles, flip-overs, roll-ups, mat chips, and erosional edges.
Our experiments show that at the early stage, biofilms can reduce the bed roughness by up to an order of
magnitude, and this effect is more prominent in the low flow condition. However, once bedforms start to form,
biofilms can generate locally elevated structures, forming multi-scale sizes of bedforms. Additionally, we
observed the formation of wrinkles, a common feature in geological records, due to the accumulation of sediments
on biofilms. Our results suggest that surficial biofilms play a critical role in bedforms evolution and geo-
morphology, and that in addition to reduce bedform sizes at the early stage, the subsequent interactions between
sediments and buried biofilms can generate distinct structures and lead to a wider distribution of bedform sizes
than abiotic sediment. Our synthetic biofilm method offers a possible way to investigate the complex biofilm-
sediment interactions and provide insights into the role that microorganisms can play on bed evolution and the
formation of sedimentary structures. Our results have applications in the prediction of coastal erosion, under-
standing of tidal flat sedimentology, and explanation of the potential formation of biosignatures on the Martian
surface.
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