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[bookmark: _Hlk89898004]Key Points:
· Antecedent microbial conditions can significantly influence the resilience of a biofilm-bound sandy system.
· Biostabilization can be disturbance-stimulated rather than disturbance-limited.
· A framework is proposed for bio-sandy systems developed under cyclic shear to acknowledge the effect of growth history. 

Abstract
[bookmark: _Hlk80456206]Sand-attached benthic biofilms drive many important biogeological processes and serve as cooperative “ecosystem engineers”. In aquatic environments, biofilms undergo periodic detachment and re-colonization due to the regular changes in hydrodynamic forcing. However, legacy impacts of past microbial actions on current biofilm formation and the biostabilization of the substratum sands are yet to be fully understood. In this study, a systematic set of flume experiments were conducted to investigate the effects of different depositional histories. Changes in the erosion threshold and rate of erosion were determined from the time sequences of suspended sediment concentrations. The contents of extracellular polymeric substances (EPS) and particle morphology of the biofilm-bound sandy matrix were analyzed. Surprisingly, biostabilization is disturbance-stimulated, rather than disturbance-limited, as previously thought. Bio-sandy beds cultivated under intensive disturbance presented an EPS accumulation in each cycle, and showed a more rapid increase in bed strength and stability than when rarely disturbed. All colonies from previous cycles exhibited traces of EPS as “footprints”. These stimulated and possibly accelerated the process of recolonization, thereby enhancing the erosion resistance of the bed. In contrast, a stabilized bed was better suited to mature microbial communities. A modified “Windows of Opportunity” framework was therefore put forward. Although biostabilization was not established within short quiescent periods, the system created the “opportunity” to become established in subsequent “windows” by seeding the colonization process. The stabilization, destabilization and re-stabilization of biofilm may imply a much more important role as ecosystem engineers and is relevant for a range of engineered bio-systems. 
Plain Language Summary
 “How can I stand on the ground every day and not feel its power? How can I live my life stepping on this stuff and not wonder at it?” -- W. B. Logan. As the evidence for early life in the earth’s sedimentary environment has shown, microorganisms are at least 3,770 million years old in sedimentary rocks, while each sand grain can harbor a highly diverse bacterial community. It is well known that biofilms, a heterogeneous matrix consisting of microbial communities and their secreted extracellular polymeric substances, can be critical in stabilizing sediments (defined as “biostabilization”), making the benthic stratum more habitable. However, legacy impacts of past microbial actions on current biofilm formation and the biostabilization of the substratum sands are yet to be fully understood. In this study, systematic flume experiments were conducted to investigate the effects of different depositional histories. Our findings highlight the resilience of bio-sandy beds in response to changing shear. The fascinating interactions between biofilms and sands may help wetlands to survive sea-level rise by inhibiting bed erosion and thereby enhancing their stability. This provides an important piece of information for the re-assessment of wetland vulnerability in the face of global change.
1 Introduction
Biofilms, a heterogeneous matrix consisting of microbial communities and their secreted extracellular polymeric substances (EPSs), as the oldest, most successful, and most widely distributed form of life on earth, are ubiquitous in most ecosystems (Flemming & Wingender, 2010; Flemming, 2011; Flemming & Wuertz, 2019; Wingender et al., 1999). They play a role in many persistent infections, in biotechnological applications and in biogeochemical cycles (Bar-On & Milo, 2019). Microbial assemblages are also considered as cooperative “ecosystem engineers”: the ability to interactively and strongly modulate their physical living environments, e.g., their benthic substratum comprising natural sediments (Gerbersdorf et al., 2020; Jones & Shachak, 1994). As the evidence for early life in the earth’s sedimentary environment has shown, microorganisms are at least 3,770 million years old in sedimentary rocks (Dodd et al., 2017). Globally, marine surface sediments constitute a habitat for an estimated 1.7 × 1028 prokaryotes, while each sand grain can harbor a highly diverse bacterial community (Probandt et al., 2018). By decreasing sediment erodibility, they promote primary succession on terraces which are less perturbed (Roncoroni et al., 2019). In this respect, a phenomenon called “biostabilization” has been defined as a hindered sediment erosion caused by biological action (Paterson & Daborn, 1991). 
The main role of biofilms as “bio-anchorages” is to provide cell-to-cell scaffolding, formed by an EPS matrix, while securing irreversible attachment to the sand grain surface (Gerbersdorf et al., 2020; Hagadorn & Mcdowell, 2012; Mariotti et al., 2014). The accumulation of EPS, which is a metabolic production of microbial cells, is tightly associated with biofilm growth and maturation. Despite the many studies that have investigated biofilms in situ (Montanie et al., 2014; Orvain et al., 2014; Passarelli et al., 2015; Underwood & Paterson, 1993), much of our understanding has come from laboratory experiments, where the biological effect was quantified by comparing the erosion threshold of bio-sediments that were cultivated with different incubation periods, with that of clean sediments (Chen et al., 2017a; Chen et al., 2017b; Fang et al., 2017; Tolhurst et al., 2008). 
[bookmark: _Hlk89695901]Examining bio-sedimentary beds developed from an abiotic condition is a natural place to start when studying biostabilization. However, in the real world, sediments developed from a purely bare sediment into the biological condition are rare. What is more common is a quasi-abiotic condition, where sands have been colonized by microorganisms but then detached due to changing environmental conditions, followed by re-colonization (Chen et al., 2019; Flemming, 2020). Such attached-detached-reattached cycles, induced by the regular shifts between high and low applied shear forces, can be widely observed in many aquatic environments, e.g., rivers, floodplains, estuaries and coastal environments (Keyvani & Strom, 2014). In riverine systems, the shift between erosion events and quiescent periods occurs regularly due to variations in river discharge and human activities such as damming (periodic impounding and flushing). In coastal zones, a major feature of intertidal systems is the exposure to repeated cycles of high and low shear created by wave and tidal conditions, and also less predictable but more extreme episodic events such as storms (Agogue et al., 2014; Mariotti & Fagherazzi, 2012; Valentine et al., 2014; Zhao et al., 2019). Therefore, the consequences with respect to biostabilization in natural settings are debatable. Once the sediments have been colonized by microbial communities, whether sediment layers with the same incubation period but different depositional histories can have significantly different resistance to erosion remains as an open question (Chen et al., 2019; Stone et al., 2008). 
In this study, the question of how growth history influences the ability of biofilm colonization and the strength of the bio-sandy beds under multiple cycles of high-low applied shear has been examined in detail through a systematic set of flume experiments. Changes in the EPS contents and particle morphology of the biological sands, which were cyclically eroded and re-deposited were determined. Changes in the erosion threshold and rate of erosion were quantified by analyzing the time sequences of suspended sediment concentrations (SSCs). We compared results obtained from repeated erosion test sequences that have different disturbance frequencies, with a constant shear condition that was studied in our previous work. This study was aimed at understanding biostabilization developed on previously formed and then eroded bio-sandy beds, and the potential resilience of the bio-sandy system to exhibit in response to cyclic disturbances.
2 Materials and Methods
2.1 Experimental setup
[bookmark: _Hlk79573463]In our previous studies, bacterial biofilms (Bacillus subtilis) were cultivated on clean sandy beds for different growth periods (i.e., 5, 10, 16, 22 days) in experimental chambers (Chen et al., 2017a; Chen et al., 2017b). The bio-sandy beds were incubated under a low constant bottom shear stress before erosion tests were conducted. This cultivation model is termed the “single cycle” test, and in contrast, a “repeated erosion” test was introduced in this study. Benthic chambers with rotating paddles were applied for both biofilm cultivation and in-situ erosion (see Figure S1 for the detailed information about the chamber). Four identical experimental chambers (A-D) were used. Two repeated erosion modes with different disturbance frequencies were tested, i.e., cycle periods of 5 days (Figure 1a) and 10 days (Figure 1b), in Chamber A and B, respectively. In Chamber A, with a period of 5 days, the bio-bed was first developed on a bed of pure sand under low shear for 5 days (referred to as “bio-bed growth”, Figure 1), and then eroded by increasing the shear from low to high in situ (“bio-bed erosion”, Figure 1). The eroded sediment was then allowed to settle and the biofilm re-grow for another 5 days (Figure 1). The bed in Cycle 1 was developed from an initial abiotic state, while the beds in the next cycles experienced re-colonization of biofilms with prior growth history. This sequence of bed incubation/biofilm colonization followed by erosion was repeated 4 times, with a total run period of 5  4 = 20 days. In Chamber B, with a period of 10 days, the bed was eroded every 10-days and the sequence was repeated twice, again giving a 20-day running time in total. The selected periods of 5 and 10 days were chosen because they are comparable with the range of high shear events that can occur over relatively sheltered intertidal areas (Mariotti & Fagherazzi, 2012). Meanwhile, Chambers C and D, mirrored the experimental protocol used for Chambers A and B, respectively, and were used for the extraction of sediment samples (every 5 days).
[bookmark: _Hlk89711986][bookmark: _Hlk89712856][bookmark: _Hlk91075087][bookmark: _Hlk89895819][bookmark: _Hlk89931115][bookmark: _Hlk79571741]The experimental sediment was collected from the lower intertidal zone of tidal flats in Yancheng, Jiangsu Province, China (see Text S1 for the site information). The sampled sediment was washed with hydrogen peroxide to remove organisms and organic material. The sediment was then sieved to remove the cohesive fraction (sieve 30 μm), retaining the non-cohesive sand for use in this study. The median grain diameter (D50) after treatment was 108 μm, with no cohesive fraction (see Figure S2 for the grain size distribution). All bio-sandy beds were developed from clean sands by incubation of selected bacteria (Bacillus subtilis) in artificial seawater (ASW) with added nutrients (see Text S2 for the component of the substrate media). Except for hydraulic differences, other environmental factors such as the temperature, the nutrients in artificial sea water, the bacterial culture and abundance were kept the same for the “single cycle” test and the “repeated erosion” test (see detailed experimental setup in Text S2). A constant value of 0.06 Pa was adopted as the bed shear stress (BSS) for the bio-beds incubation. A BSS of 0.06 Pa was taken as representing conditions during neap tides, allowing biofilm growth and was lower than the critical shear stress to avoid the re-suspension of the constituent sand grains (Shi et al., 2016). During biofilm growth, scanning electron microscopy (SEM, HITACHI S-3000N, 25 kV, using freeze drying for sample preparation) was employed to visualise the microstructure of the bed.
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Figure 1. Sequence of experiments with repeated-cycles of colonization (applying low shear stress) and erosion (applying shear stress increasing from low-0.06 Pa to high-0.33 Pa). (a) The frequent hydrodynamic disturbance test, where repeated cycle with a quiescent period of 5 days (P=5) was applied. The sequence contains 5 days of low stress followed by a high stress event (stepwise increments of increasing shear stresses), settling and deposition, repeated for 4 cycles = 20 days. (b) Repeated cycle with a period of 10 days (P=10), i.e., 10-day quiet period followed by a high stress event, repeated for 2 cycles = 20 days. The abbreviations used in this schematic plot are: “Bio-bed” = bio-sandy bed; “BSS” = bed shear stress; “IS” = stepwise increments of shear stress.
2.2 EPS analysis
[bookmark: _Hlk89936878]Sediment cores (50 mm in diameter) were taken from a different region in Chamber C and D every 5 days, and the top 2-mm-layer of sediments with attached biofilms was used for analysis of EPS content and composition. Sediment samples taken following the last cycle of erosion were used to obtain the scanning electron microscopy images of sandy bed micro-morphology (SEM, HITACHI S-3000N, 25 kV, freeze drying method was used for sample preparation). Here, while the presence of EPS in SEM images can provide evidence of the matrix structure, such images must be viewed with caution because the sampling process, using the freeze-drying method, is destructive (Perkins et al., 2006).
[bookmark: _Hlk66833902][bookmark: _Hlk89711709]The extraction of EPS, to determine its composition, followed an established analysis protocol. The EPS were extracted from the fresh sediment sample (5 mL) before analyzing the content, by a modified method from Liang et al. (2010), Orvain et al. (2014) and Li et al. (2008). The sediment sample was placed in a 50 mL centrifugation tube. The sediment was mixed with the artificial sea water (ASW, 0.2 μm filtered and sterilized) to a total volume of 30 mL, and was suspended by vortexing. The tubes were then centrifuged (3, 000 g, 10 min, 4 °C), after which 0.06 mL formamide (37 %) was added into the mixture (Sunil & Lee, 2008). In addition, ~1 g of cation exchange resin (CER-Na+) was added to the sediment. After resuspension (to 30 mL in total with ASW), the tube was gently agitated (150 rpm) in an orbital shaking incubator for 1 h at 4 °C in the dark. The supernatant was extracted from the mixture and then centrifuged at high speed (4 °C, 10, 000 g, 15 min) to remove the suspended solids. The resultant supernatant contained the total EPS, including both the colloidal and bound EPS.
The main composition of EPS yields are polysaccharides and proteins (Gao et al., 2008). The Anthrone method was adopted to quantify the contents of EPS polysaccharides, using glucose as a standard (Raunkjaer et al., 1994). The EPS proteins were measured by the Lowry method with bovine serum albumin as the respective standards (Lowry et al., 1951).
2.3 Erosion test
After incubation, the developed bio-sandy bed was immediately exposed to a series of stepwise increments of BSS (IS from 0.06 to 0.33 Pa) for approximately 12 min in total. This phase is referred to as “bio-bed erosion” in this study (Figure 1). Bed erosion was determined by the same stepwise increment shear stress as for the single-cycle test sequence. An optical backscatter sensor (OBS-3+) was employed to obtain the temporal variations of the suspended sediment concentrations (SSCs) (see Figure S1 for details about the location and Figure S3 for the calibration of the OBS). The maximum SSC in this study was 60 kgm-3 (3.5% by volume). 
Erosion rate per unit area of sediment bed is regarded as a robust measure of sediment stability and can reflect the nature of sediments (Amos et al., 2010). Through analysis of the erosion rates, the changes in the behavior of bio-sandy beds can be further illustrated. The erosion rate can be obtained from the time sequences of SSC and shear stress. In the enclosed chambers used in this study, the rate of erosion, E, is defined as: 
[image: ]                                                                       (1)
where  represents SSC at time t, V is the volume of water under consideration, and  is the bed area in the chamber.
3 Results and discussion
3.1 The erosional behavior of bio-sandy beds with different depositional histories
Erosional results of repeated cycles (with different quiescent periods of P=5 days and P=10 days) were compared with the single-cycle results obtained from our previous study, with clean sands as the control (Figure 2, see Chen et al., 2017b for the full dataset of the single-cycle test results). Although the erosion of sediments is a very stochastic process, the difference observed here goes beyond the natural variation between experiments (Figure S4). Curves of the repeated cycle (P=5) and the single-cycle tests both resulted from the erosion of biofilms first established on a clean sedimentary bed without any colonization history (Figure 2a). As might be expected, given that after 5 days the experimental conditions are the same, the two bio-bed curves are similar, with some small initial differences that are probably due to the natural variation between cultivations. Nevertheless, higher SSC was noted for both bio-bed cases after 5 days of incubation, as compared to the control. 
After 10 days, the erosion curve of the repeated-cycle test (P=10) (in blue, Figure 2b) overlapped the one obtained from the previous study (bed of single cycle after 10 days, in orange, Figure 2b). There was a visible increase in both the incipient shear stress and the suppression of the erosion from the bed layers below the surface. Surprisingly, the critical shear stress was obviously increased in the second cycle of repeated-cycle test P=5 (curve in green, Figure 2b). The bed surface, that was eroded in Cycle 1, was re-established as a stable bed after only 5 days of quiescent conditions. An increase of SSC was not observed until a higher BSS up to 0.29 Pa, which is 45% higher than the threshold of 0.20 Pa observed in the bed developed with no disturbance incubation of 10 days (orange curve, single-cycle test in Figure 2b). 
A more rapid growth of the bed strength was again observed in the case of repeated-cycle P=5 (green curve in Figure 2c), after 3 repeated cycles (i.e., 53 = 15 days). The erosion only began at the final step of applied BSS (0.3 Pa) when approaching the end of the erosion test. This indicated that the bed was almost able to “survive” the whole erosion event. In contrast, massive erosion occurred after 5 min of erosion for the bio-bed developed under a single cycle (orange curve in Figure 2c), despite a longer running time in total, i.e., 16 days vs. 15 days. A similar phenomenon was observed in a previous study that examined the repeated erosion of cohesive sediments with biofilms (Valentine et al., 2014; Mariotti et al., 2015).
The erosion curves showed obvious divergence after 20/22 days, revealing that the repeated-cycle test encouraged biofilm stabilization, manifested as the significant decrease in erodibility of the bed (Figure 2d). The “biostabilization” was far stronger with regular disturbance, than that developed under constant flow. The beds developed under two cyclic modes showed better performance in all the erosion tests, and as time increased, the improved resistance to erosion became even more obvious. The bed of the repeated cycle test P=10 after 2 cycles, i.e., 20 days, withstood two more steps of the applied BSS than the one developed under single-cycle test (after 22 days). However, from the inception of erosion, the rate of erosion is comparable (same slope) to the single-cycle condition (blue scatters in Figure 2d). In contrast, the bed subjected to a repeat-cycle with P=5 remained stable until the end of the test. 
The erosion rates and erosion patterns better reflect the nature of the sediment profile, through which the changes in the behavior of bio-sedimentary beds can be clearly described (Figure 3). The frequent disturbance in this study (in repeated cycle P=5) which was assumed to limit biofilm colonization, turned out to accelerate bed stability. This was indicated by the increased resistance to erosion after only the first 5-day cycle, and further increases after each subsequent cycle (see erosion rates and erosion patterns in the first column, Figure 3). After 3 to 4 cycles, the bed became strong enough to withstand the whole erosion test (bottom two figures in the first column, Figure 3). Here, note that 5 days was considered as a time period that was not long enough to show a biostabilization under constant flow, indicated by the high erosion rates (the second Figure in the third column, Figure 3). Further comparison between different repeating modes, i.e., repeated-cycle P=5 and repeated-cycle P=10, suggests that more frequent disturbance favours the increase of bed stability, demonstrated by a better erosion resistance of P=5 than P=10 (the first and second column in Figure 3). 
[image: ]
Figure 2. Erosion curves of bio-sandy beds represented by suspended sediment concentration (SSC) values increasing with stepwise increments of shear stress (and nondimensional Shields number) during the entire erosion experiment (the right column). Results for the beds developed in the repeated cycle tests using different repeat periods of 5 days (P=5) and 10 days (P=10), are compares with the results under a single-cycle test with different ages, using clean sediment (pure sands) results as the control (Chen et al., 2017a). Erosional results under the different test sequences with experimental run/ incubation time of 5 days (a), 10 days (b), 15/16 days (c) and 20/22 days (d) are shown, with different sequences corresponded in the left column, where the red line represents the point at which the erosion test is applied.
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Figure 3. Time series of erosion rates with applied shear stress (and nondimensional Shields number) for bio-sandy beds developed under different test sequences, with repeated cycles (P=5 and P=10), and in a single-cycle (with no disturbance before erosion test applied, from our previous study Chen et al., 2017a), using the clean sediment result as the control. 
[bookmark: _Hlk91075282][bookmark: _Hlk91074953]Although the bio-sands exhibited an obvious increase in critical bed shear stress, the biofilm did not stabilize the sub-layers, as indicated by the higher erosion rates observed after sand initiation (τ > τcr) (Figure 2b, where SSC for P=5 increased more than P=10, though still lower than the control). This is possibly because the microbial response to disturbance also introduced a horizontal variation of erodibility, caused by the natural heterogeneity in distribution of biofilms at the early stage (Figure S5a). At higher shear stress (over 0.27 Pa), mass erosion began from the “weakest points” and expanded over the bed (Figure S6b). This indicated the failure of the bio-sandy bed structure, which subsequently led to an immediate erosion of larger amounts of sediment, as suggested by a sharp increase in the SSC (Figure 2b). This was quite different from clean sand erosional behavior, where ripples formed and evolved (Figure S6a), and the SSC gradually increased (indicated by the clear step in the erosion curve at each increment, Figure 2-clean sediment). In addition, it is important to note that these are preliminary findings, necessarily limited by the range of conditions examined and the lack of replicates in our erosion experiments.
3.2 The changes of EPS in biofilms
[bookmark: _Hlk89177543][bookmark: _Hlk89261905][bookmark: _Hlk89177736]In the case of repeated-cycle P=5, the accumulation of total EPS in the upper 2 mm layer of sediments in Cycle 2 (at Day 10) was twice the content in Cycle 1 (at Day 5), 240 vs. 120 μg g-1 DW (Figure 4a). However, a decrease in the total EPS content was observed in Cycle 3 (190 μg g-1 DW) (Figure 4a). While biofilms can regrow in the short quiescent periods (5 days), during which the production of EPS was stimulated, a thick mat was formed that was loosely attached to the bed surface (Figure S5). Different type of erosion process can contribute to changes in bed stability, including (i) the peeling off of the thin stable biofilm followed by mass erosion and (ii) the gradual detachment of the looser 'fluffy' biofilm. This echoes previous studies on biofilm strength associated with their thickness and structure. Thin biofilms can show a more compact structure with better uniformity than thick but loosely attached biofilms (Araújo et al., 2016; Battin et al., 2003; Risse-Buhl et al., 2017). In addition, the functional role played by different EPS compositions may be important as well. Recent research has revealed that while the polysaccharides dominate the cohesion of the biofilm, protein contributes more to the structural integrity of the biofilm matrix (Flemming & Wingender, 2010; Gerbersdorf et al., 2008; Gerbersdorf & Wieprecht, 2015; Pennisi, 2002). In this study, the raised amount of the total EPS in Cycle 2 was mainly attributed to the rapid accumulation of the total polysaccharides, while the protein concentration was still low as compared to that in Cycle 3 (Figure 4a). Subsequent variations of both the contents of polysaccharide and protein after Cycle 3 (after 15 days) and Cycle 4 (after 20 days) were small. 
[bookmark: _Hlk89260534][bookmark: _Hlk89206397][bookmark: _Hlk89518555]In the case of repeated-cycle P=10, both polysaccharide and protein in total EPS accumulated up to 150 μg g-1 DW in the first cycle (from the beginning to Day 10, Figure 4b). Erosion occurred and then biofilm re-formed for another 10 days (from Day 10 to Day 20), during which the total EPS increased to around 180 μg g-1 DW at Day 20. The final total EPS contents in the case of P=5 and P=10 at Day 20 were similar, but varied in the protein/polysaccharide ratio, i.e., 1/2 and 1/3, respectively (Figure 4). The bed erodibility (Day 20) showed difference, where the bed (in the case of P=5) endured the whole erosion event while the bed (P=10) was eroded when the BSS reached 0.27 Pa (Figure 2d). This suggests that biostabilization is not simply dependent on the total EPS content, but a complicated relationship between bed stability and microbiological effects, where EPS total content, fraction ratio (e.g., protein/polysaccharide), internal structure of the biofilm matrix, etc., may all contribute.
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[bookmark: _Hlk89438367]Figure 4. EPS contents in the upper 2 mm layer (total polysaccharide and protein) show the variation during the biofilm growth under the repeated-cycle test sequence, with different quiescent periods of (a) P=5 and (b) P=10 days.
3.3 The “footprints”
Whilst the bio-sandy matrix was destroyed during high shear events, the EPS attached to the sand grains were not entirely removed as sediment was eroded and moved into suspension. Instead, small patches of aggregate, comprising broken biofilms and bacterial cells, remained and were visible on the sand grains after erosion (Figure 5). These organic remains altered the texture and surficial properties of the particle. As the matrix exhibited a more complex ultrastructure, the possibilities for potential attachment were therefore improved. Due to the plentiful contact surface as ‘hot-spots’ formed within the matrix, more binding sites were available for the floating bacterial cells to adhere to. The matrix also “houses” and shelters the cells, which guarantees a more successful and efficient initial adhesion, and thereby a rapid maturing of biofilms (Shen et al., 2015). These remnants of previous cycles therefore define a “footprint” on which subsequent colonization phases can build. Phenomenon under a similar mechanism has been reported in a previous study on the role of cell and particle characteristics in the adhesion of E.coli bacteria to suspended intertidal sediments (Wyness et al., 2018). Results showed that all strains adhered more efficiently to the organic mud sediments than other sediment types (i.e., mud or mixed sands), as organic mud sediments presented a well-developed conditioning film, evidenced by greater EPS concentrations typically found inside.
[image: ]
Figure 5. SEM images presenting the micromorphology of sand grains after erosion of 4 repeated cycles in P=5 test. “Footprints” such as the fragments of biofilm remained between grains. Single cells were also visualized attaching to the surface of individual particle. The biological legacies acted as the precursor which provided more “hot spots” for the initial attachment in the next cycle of re-colonization, and stimulated a rapid return of biofilms.
After each colonization and detachment, such “footprints” may remain on the grains, which can help other, free-floating, bacteria to quickly re-attach to the surface. All colonies exhibited traces of EPS surrounding them, however, the signals from EPS were not only concentrated in single colonies but also extended along the substrate matrix, connecting clusters (Escudero et al., 2018). Intercellular communication is also expected in such clusters (Davies et al., 1998; Flemming & Wuertz, 2019). For the surface without previous colonisation, initial attachment begins with transient interactions of planktonic cells with sediments (reversible attachment). While under repeated disturbance, after each successive attachment/detachment event, the levels of ‘footprint’ gradually increase, and a ‘surface-sensing system’ is developed. Similar to many other microbial behaviors, such as pathogenic infection, toxin production, drug resistance, biofouling and pipe blockage, the amazing ability of a rapid return, as shown in this study, could be the result of signal communication and cooperation when subject to adverse conditions (Nadell et al., 2009; Bassler & Losick, 2006; Donlan & Costerton, 2002; Cao et al., 2020).
3.4 The biostabilization in response to cyclic disturbances
Understanding the mechanisms limiting and facilitating bio-sandy establishment is of widespread significance, because the biofilms associated with sedimentary deposits play an important role in many ecosystem functions. Flow-biofilm-sediment dynamics have been investigated by many previous studies, but the mechanisms that enable or disable the establishment of the system are still understudied (Gerbersdorf et al., 2020). In recent years, the “Windows of Opportunity” (WoO) concept has been proposed as a framework providing an explanation for the initial establishment of bio-geomorphic ecosystems and the role of physical disturbance. The theory has been successfully applied to intertidal salt-marsh systems (Balke et al., 2014; Hu et al., 2015). Such theory proposes a “survival model”, suggesting that disturbance-free periods of a defined minimum duration can be identified from time series analysis and used to hindcast and potentially predict colonization events in ecosystems where new establishment is dependent on the frequency of disturbance (Balke et al., 2011). Early attempts have been made to employ this theory to simulate the development of biofilms on sedimentary systems in natural environments (Mariotti & Fagherazzi, 2012). Based on this disturbance-free assumption, once exposed to frequent hydrodynamic disturbance, the biofilm growth may be limited, resulting in decay to the abiotic condition (Figure 6a).
Our results from erosion tests  suggest that the colonization of biofilms on sands and subsequent stability are stimulated by disturbances (Figure 2 and Figure 3). Having only tested two disturbance cycles, we are not able to determine any limits to the frequency and/or magnitude of disturbance. However, the disturbance intervals tested did not lead to a return to the abiotic state, as might be expected if the disturbance-free concept were to apply to the ongoing state (accepting that the WoO might only apply to the initial formation of the matrix).
[bookmark: _Hlk91078059][bookmark: _Hlk89626031]Herein, we propose a modified WoO model reflecting the self-adaptation of the biofilms (Figure 6b). In this model,disturbance destroys the established matrix and any associated biostabilization, but triggers a defence system. The ability to boost the resistance to erosion was found to be related to the erosion frequency. The shorter quiescent period stimulated the resilience of the matrix more than less frequent disturbance. This echoes a previous study on the biofilm survival mechanisms of clinically relevant microorganisms, pointing out that, perhaps the first surprise, bacteria form biofilms preferentially in very high shear environments (i.e., rapidly flowing milieus) (Donlan & Costerton, 2002). This behaviour allows the bacterial community to be sustained over periods that are considerably longer than the frequency of disturbance. Although biostabilization was not established within short quiescent periods, the system created the “opportunity” to become established in subsequent “windows” by seeding the colonization process (Figure 6b). It differs from the disturbance-free requirement of WoO because the requirement is not to gain an initial foothold but rather to maintain a community under repeated disturbance. With τcr increased after every erosion event, this simple model could be incorporated in other more complex bio-geo-morphologic models (e.g., the model proposed by Mariotti & Fagherazzi (2012)).
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Figure 6. Flow-biofilm-sand dynamics under cyclic disturbances.  is the BSS applied,  is the critical shear stress of the bio-sandy bed and  is the initial critical shear stress. The colonization of biofilms begins when the BSS (the grey lines) stays lower than the  (the green line).  increases with biofilm growth because of biostabilization (the blue curves), until disturbance of high BSS occurs (the red lines). (a) According to the traditional WoO concept, a newly settled biofilm can be periodically detached due to frequent disturbance (left), because of the limited time for biofilm growth. Only with rare disturbances (right), can the biofilms increase the sand resistance, so that no erosion occurs during the high shear events. (b) A modified WoO theory is proposed to acknowledge the influences of depositional history and the legacies from biofilm attachment in previous cycles. An enhancement of the bed strength occurs from one cycle to the next. 
3.5 The dynamic of bio-sandy system under repeated disturbance
Our previous work has demonstrated that biostabilization by bacterial biofilms (Bacillus subtilis) reached (or approached) a stable equilibrium state after 2 weeks of incubation under steady flow condition (Chen et al., 2017a). However, in natural settings where applied shear stress, temperature, light, etc., vary temporally, different periods might be needed to reach equilibrium, and a true equilibrium may never be reached due to natural perturbations. Therefore, most colonization of biofilms on sands is likely to be closer to the state described by Stages A and B (Figure 7), where biofilms are regularly detached by external forces other than natural aging. The colonization of biofilms starts either on a pure abiotic sandy bed (Stage A, an idealised condition), or a bed with depositional histories (Stage B, more common settings). 
The stabilization-destabilization-re-stabilization sequence (Stage B) can repeat for several cycles (Figure 7). Bed stability is gradually enhanced between cycles (Figure 6b), due to the accumulation of “footprints”, where a biofilm legacy remains from the previous cycle (Figure 5). The suspended cells (or transparent exopolymer particles, TEP) can be quickly captured by the bed, while the residence time of the newly deposited microbes is also increased. The “stimuluses” of the settled cells/TEP acting as EPS precursors further enhance this process in the next cycle of biofilm re-building (Chen et al., 2019). The positive feedback leads to a rapid recovery of the system. Consequently, the time taken to develop a matrix that is capable of increasing the erosion resistance is accelerated. As this now takes place within the bed, as well as on the surface, the subsequent depth of erosion for a given shear stress is also reduced. The bed state may then enter Stage C, where erosion is completely inhibited until a stronger hydrodynamic event breaks the balance and initiates a new response. From an ecological point of view, biofilms exhibit an ability to turn unfavorable conditions (a substratum often reworked) into a more stable environment, acting as the “first colonisers” and “ecosystem engineers” who create a more favorable habitat for other settlers and ecological processes such as the seeding of vegetation.
[bookmark: _Hlk89691800][bookmark: _Hlk89679166]Although in this study, erosion inhibition was rapidly achieved, uncertainties remain, especially in relation to other biological activities present in the real-world conditions. Consequently, it is not clear for how long this “equilibrium” or stable system can be maintained, and what the depth accumulation of EPS down into the bed contributes to the resultant state. In this study, cyclic events did not enable a deeper distribution of vertical matrix of EPS inside the sands, because from the inception of erosion, the rate of erosion is comparable to the single-cycle condition (Figure 3, also indicated by the same slope in Figure 2d). This is different from what has been found in natural intertidal systems. For example, on the bare flat area of the Jiangsu Coast, China, the top 4 cm of the bed contained EPS (0.02~0.1%, Figure S6a, see Text S1 for site information). While in intertidal areas with natural marshes, sediments below the bed surface can have high concentrations of EPS. Samples taken at a depth of 4 cm below the marsh in the Eden Estuary, UK contained up to 0.08%~0.3% EPS, which is more than 10 times higher than the maximum value of ~0.02% observed in this study (Figure 4 and Figure S6b, see Text S3 for site information). Non-destructive 3D image of a representative sample indicates the extent of the hydrated biofilm-sedimentary matrix over depth using CT scanning technology (Chen et al., 2021; Zhang et al., 2018). Such structures imply that in the natural ecosystems, more complex interactions exist between the microbial communities, vegetation and other benthos, where sediments may be affected by the various biological actors to various depths below the surface.
[image: ]
Figure 7. An improved framework highlights the effect of growth history and the positive bond built between the environmental shock and the bio-sands stability. Stage A illustrates an ideal situation where the microbial colonization starts on a clean sandy bed. Stage B describes a more common setting in natural environments, where biostabilization establishes on beds with pre-colonization histories. The bio-sandy system enters Stage C when its erosion threshold increases sufficiently to completely hinder erosion, and a stable bed is formed. Different extents of extracellular polymeric substances (EPS) penetrate during the incubation states from ⅰ to ⅴ. The eroded depth decreases due to the increase of the resistance after several cyclic actions. However, the final state can be associated with other biological actions such as rooting of vegetation or bioturbations by benthos. [Graphic design by Dr. Xueer Zhang]
[bookmark: _Hlk89696993][bookmark: _Hlk91073737]It should be noted that in this experiment an extreme case (a closed system) is studied, in which all eroded biomaterial is re-deposited. In natural settings, some of the biomaterial might be washed out of any given area. Aother extreme case is when all the eroded bio-material is washed away, and the sands start from fresh/abiotic/quasi-abiotic states. Therefore, there may exist a spatial-feedback dependent on the areal extent of the biofilm colonization. If the area colonized by biofilm is small compared to the area spanned by the transport mechanisms (e.g., 100 m2 within a 100 km2 tidal flat or estuary), it is more likely that the eroded bio-material will be washed away and in practice not re-deposited in the area initially covered with biofilm. If the area of biofilm colonization is very large, then most of the material is more likely to re-deposit within the patch.
In addition, the biological processes in the real-world are much more complex than in our laboratory incubation. The development of bio-sandy systems is clearly related to the variations in coastal environmental conditions and related ecology. As the abiotic factors such as temperature, nutrient supply, applied shear stress, and irradiance, etc. vary temporally, an inevitable factor is the higher biodiversity of the mixed assemblages. As a result of such complex physical-chemical-biological interactions, different periods might be needed to re-establish the bio-sandy bed, and a well-developed matrix may never be reached due to natural perturbations.
4 Conclusions
In this study, a systematic set of flume experiments were conducted to investigate how different depositional histories affect the formation of a bio-sandy system and the establishment of biostabilization under cyclic high shear events. Results showed that legacy influences of past microbial actions on current biofilm formation and the stabilization of the substratum sands were significant. With repeated disturbance, the next cycle of formation did not repeat the previous one and a different ultimate state of stability was achieved. To our surprise, bio-sandy beds, cultivated under more frequent disturbance, exhibited a greater ability to resist erosion than beds cultivated with less frequent disturbance. This indicated that the colonization of biofilms on sands can be enhanced by the stimulus of disturbance. The depositional history, provided by remnant fractions of biofilm, which enable a rapid recognition and location of the surface by floating cells. A conceptual erosion framework is proposed for bio-sandy systems recognizing the variation of growth histories and cyclic effects.
[bookmark: _Hlk67338863]Nevertheless, links between this disturbance-stimulated ability of microbial communities coping with their environment, and the vast numbers of microbially produced, small organic molecules with intercellular signalling activity await discovery. Effective management of water bodies requires advancing further in-depth understanding of how different hydrodynamic conditions influences biofilm-bound sands. The stabilization, destabilization and re-stabilization of bio-sandy system is relevant for different engineered bio-systems. Therefore, more efforts are needed to link laboratory-scale observations to larger scales relevant for the management of water bodies. 
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