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Supplementary Methods 54 

  55 

Mathematical Model 56 

3D-numerical modeling to study the effect of biofilm accumulation on particles 57 

A three-dimensional (3D) numerical model was developed to study the effect of biofilm 58 

accumulation on particle sinking speed and to disentangle the effects of changes in density and 59 

hydrodynamic drag caused by biofilm accumulation. The model couples fluid flow simulations 60 

with an ordinary differential equation (ODE) to calculate the balance of forces that act on a solid 61 

object while sinking. The fluid flow within the 3D domain is described by the Navier–Stokes 62 

equations, 63 

(Eq. 1) 

𝜌𝜌
𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕

−  𝛻𝛻 ∙ 𝜂𝜂(𝛻𝛻𝛻𝛻 + (𝛻𝛻𝛻𝛻)𝑇𝑇) + 𝜌𝜌𝜌𝜌 ∙ 𝛻𝛻𝛻𝛻 + 𝛻𝛻𝛻𝛻 = 𝐹𝐹𝑧𝑧 

𝛻𝛻 ∙ 𝑢𝑢 = 0, 64 

where 𝜌𝜌 is the particle density (kg m-3), 𝑢𝑢 is the velocity vector (m s-1), 𝜂𝜂 is the fluid viscosity (10-65 
3 Pa s), and 𝑝𝑝 is the pressure field (Pa). The model uses the accelerating reference system of the 66 

particle. This means that the volume force density 𝐹𝐹𝑧𝑧 is given by 67 

(Eq. 2) 

𝐹𝐹𝑧𝑧 =  −𝜌𝜌f(𝑎𝑎 + 𝑔𝑔), 68 

where 𝜌𝜌f is the fluid density (here taken for simplicity as 1000 kg m-3), where 𝑎𝑎 (m s-2) is the 69 

acceleration of the solid object, and 𝑔𝑔 = 9.81 m s-2 is the gravitational acceleration. The ODE that 70 

describes the balance of forces is 71 

(Eq. 3) 
𝑑𝑑𝑣𝑣s
𝑑𝑑𝑑𝑑

=  
𝐹𝐹d +  𝐹𝐹g
𝑚𝑚

, 72 

where 𝑣𝑣s (m s-1) is the sinking velocity, 𝑚𝑚 is the mass (kg) of the particle, 𝐹𝐹d represents the total 73 

force exerted by the fluid on the particle, computed by integrating the total stress—comprising 74 

pressure and viscous stresses—over the particle’s surface in the direction of the flow. 𝐹𝐹g is the 75 

gravitational force, given by  76 

(Eq. 4) 

𝐹𝐹g =  −𝜌𝜌s𝑉𝑉s𝑔𝑔, 77 
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with 𝜌𝜌s the density (kg m-3) and 𝑉𝑉s the volume (m3) of the particle. At the lower face (inlet) of the 78 

domain, the boundary condition is equal to the sinking velocity (𝑣𝑣s). Note that we did not account 79 

for particle rotation, as no significant rotation was observed during the experiments; thus, the 80 

particle’s initial orientation was kept constant throughout the simulation. An open boundary 81 

condition, 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 0 (where 𝑛𝑛 is the normal vector) was applied at the upper boundary to allow the 82 

fluid to exit the computational domain freely. The boundary surfaces oriented along the z-axis are 83 

subjected to a slip boundary condition. Specifically, the tangential velocity at these boundaries is 84 

directly proportional to the corresponding shear rate. 85 

The system of equations consists of the Navier-Stokes equations coupled with an ordinary 86 

differential equation (ODE) to compute the balance of forces acting on the particle, including 87 

gravitational and drag forces. The equations were solved using the LiveLink MATLAB-COMSOL 88 

interface, with MATLAB responsible for problem parameterization and execution of two 89 

COMSOL models—one for creating the particle geometry and another for performing the sinking 90 

speed simulation. The model workflow is illustrated in Supplementary Fig. 14. The process begins 91 

in MATLAB, where key problem parameters are defined, including fluid properties such as density 92 

and viscosity, particle characteristics such as size and density, and the number, orientation, length, 93 

and radius of the hydrogel tendrils. These parameters are then automatically transferred to 94 

COMSOL, where the composite object, consisting of the particle and tendrils, is generated and 95 

meshed. Due to the discretization inherent in the computational mesh, the resulting composite 96 

object may exhibit slight deviations from the analytically specified properties in MATLAB. 97 

Consequently, key properties such as mass, density, and volume within COMSOL are recalculated 98 

at that stage in order to ensure accurate characterization for subsequent analysis. The meshed 99 

composite object, with its recalculated properties, is then passed back to MATLAB and 100 

subsequently used to execute the second COMSOL model to calculate the sinking velocity 101 

(through solution of Equations 1–4). An iterative solver in COMSOL ensures the convergence of 102 

the ODE, with the simulation concluding once the particle reaches its terminal velocity. 103 

 104 

Throughout the simulation, we observed the change in the sinking speed of the particle (𝑣𝑣𝑠𝑠) at low 105 

Reynolds numbers (Re << 1), beginning from a stationary state (i.e., 𝑣𝑣𝑠𝑠 = 0) until an asymptotic 106 

steady-state condition was attained (i.e., terminal velocity was achieved; see Supplementary Fig. 107 

14). Specifically, the numerical solver iterates over the ODE (Eq. 3), computes the balance of 108 
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forces and determines the corresponding 𝑣𝑣𝑠𝑠. Subsequently, in the next iteration, the inlet boundary 109 

condition is updated to 𝑣𝑣𝑠𝑠. Our starting point involves a spherical particle with a density 𝜌𝜌𝑠𝑠 = 1100 110 

kg m-3 and a radius 𝑅𝑅0 = 2.5 × 10-4 m to simulate typical particle characteristics 1–3. Next, to study 111 

the experimental findings—specifically, the decrease in sinking speed due to biofilm attachment—112 

we attach eight tendrils with a density 𝜌𝜌𝑏𝑏 to the particle’s perimeter at a 45° angle to the z-axis. 113 

This addition increases both the particle's mass and surface area. By adjusting the tendrils' length 114 

(ℓ𝑡𝑡), we analyze how the particle's surface area and mass influence the drag and, consequently, the 115 

sinking speed. For simplicity, we assume tendrils with a fixed thickness 𝑟𝑟𝑡𝑡 (set to 0.1 𝑅𝑅0) and 116 

model the particle as a solid object with a no-slip boundary condition and no porosity.  117 

For the purpose of this model, we consider two types of biogel that differ in their bulk density 𝜌𝜌b 118 

 119 

(i) Attachment of suspended biofilm with a density equivalent to that of the water (𝜌𝜌b  =120 

𝜌𝜌f), similar to the case of A. macleodii biofilm. In this case, elongation of the tendrils 121 

results in particles with increased mass and surface area but lower overall density. 122 

 123 

(ii) Attachment of biofilm with a density equivalent to that of the particle (𝜌𝜌b  = 𝜌𝜌s). In 124 

this case, elongation of the tendrils results in particles with increased surface area, but 125 

with constant overall density.  126 

 127 

In each simulation, the terminal velocity of the particle (𝑣𝑣) is correlated with four key variables: 128 

particle mass (𝑚𝑚), volume (𝑉𝑉𝑠𝑠), density (𝜌𝜌s), and surface area (𝛺𝛺). Our results are expressed using 129 

dimensionless numbers, with the variables scaled as follows: 𝑚𝑚∗ = 𝑚𝑚
𝑚𝑚0

,    𝜌𝜌∗ =  𝜌𝜌s
𝜌𝜌s0

, 𝛺𝛺∗ = 𝛺𝛺
𝛺𝛺0

, 𝑉𝑉∗ =130 

 𝑉𝑉
𝑉𝑉0

, and 𝑣𝑣∗ =  𝑣𝑣
𝑣𝑣0

, where 𝑚𝑚0, 𝑉𝑉0 𝜌𝜌s0, 𝛺𝛺0 and 𝑣𝑣0 are the particle’s initial mass, volume, density, 131 

surface area, and terminal velocity, respectively (Fig. 2, Supplementary Fig. 10). The model was 132 

validated against the analytical solution of Stokes’ Law by solving Eqs. 1–4 for a purely spherical 133 

particle.  Note that the robustness of our model was also tested by performing a sensitivity analysis 134 

for all set parameters, including the number of tendrils (1–10), their angle relative to the particle 135 

(25°–85°), length (0.08-2.5 𝑅𝑅0) and their thickness (0.5–2 rt) (Supplementary Fig. 10). This 136 

analysis revealed a minor effect of any simulation run with more than 3 tendrils and very little 137 
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effect of the angle of the tendrils and their thickness on the sinking of the particle, with a major 138 

effect of tendril elongation.  139 

 140 

To estimate the predicted reduction in sinking speed in the environment, the relation between 141 

sinking speed v* and particle volume (V*) that were found in our numerical model (scenario (i)) 142 

were used to fit a linear curve and obtain the relation between the two parameters: 143 

 144 

(Eq. 5) 

𝑣𝑣∗ =  −2.4 ∗ 𝑉𝑉∗ + 3.4   (𝑅𝑅2 = 0.99). 145 

 146 

Using this relation (Eq. 5), and calculating the relative volume of biogels that was accumulated on 147 

the surface of the particle in 100 m of depth (assuming all biogels stick upon encounter), we 148 

estimated the predicted reduction in sinking speed in the environment in response to different 149 

biogel concentrations and sizes in the water column (Fig. 3D, Supplementary Fig. 11). 150 

 151 

 152 

Supplementary Text 153 

 154 

A. macleodii and other heterotrophic biofilm-forming bacteria are relevant model systems 155 

for testing the effect of biogel on particles.  156 

The biofilm aggregates formed by A. macleodii serve as a good model system for the effect of 157 

biogel accumulation on particles. Suspended polysaccharides such as TEP and EPS are often 158 

heavily colonized by microorganisms, effectively functioning as suspended biofilms in the ocean 159 
4,5. Similar to many other marine biogels, A. macleodii biofilm aggregates are shown by our 160 

experiments to be sticky and attached to a variety of surfaces, including on glass surfaces and 161 

copepod fecal pellets (Supplementary Fig. 5, Supplementary Movie 3). Recent work by 162 

Chajwa and coworkers (6) shows how “invisible” mucous trails can alter particle sinking speeds. 163 

In contrast, in our system the biogels produced by A. macleodii are fully visible in phase 164 

microscopy (or with Alcian Blue staining; Supplementary Fig 4), with no hidden components 165 

(Supplementary Fig. 5, Supplementary Movie 5). This approach allowed us to closely track 166 
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particle dynamics that might be more challenging to observe in the presence of the diverse array 167 

of biogels in the ocean. Using a particle trapped in a microfluidic chamber under flow of ASW, 168 

we found that biofilm aggregates that accumulated on particles also promoted the attachment of 169 

free-swimming bacteria (Marinobacter adhaerens HP15) co-incubated with A. macleodii, further 170 

demonstrating their sticky nature (Supplementary Fig. 5, Supplementary Movie 5). Overall, 171 

the extensive accumulation of A. macleodii biofilm aggregates on several surface types suggests 172 

this process is likely to be widespread in environments where A. macleodii and other EPS-173 

producing microorganisms are prevalent 7.   174 

 175 

Besides the ability of A. macleodii to serve as a good biogel model, A. macleodii is commonly 176 

found in blooms of oceanic algae and, by forming biofilms and attaching to particles, has the 177 

potential to influence the fate of the carbon sequestered. Moreover, similar to the biofilm of A. 178 

macleodii, other bacterial species commonly found on marine snow, such as Pseudomonas, 179 

Marinobacter, and Alcanivorax, have been shown to produce thick biofilm on rising marine oil 180 

droplets while increasing the drag force that acts on them 8–10. The formation of these suspended 181 

biofilm structures is favored by the viscoelastic nature of the biofilm matrix 11. Once the matrix 182 

accumulates on a surface, the shear forces exerted by the flow promote its fluidization and 183 

extrusion into the bulk of the flow12–15. Additionally, bacterial cells and aggregates present in the 184 

surrounding fluid are captured by these suspended biofilms, leading to their rapid growth 16,17. 185 

 186 

To understand the genetic makeup that allows the biogel formation by A. macleodii, we further 187 

characterized the biofilm composition and identified the genes responsible for EPS formation. 188 

Biofilm aggregates were chemically analyzed, and a bioinformatic survey of the A. macleodii 189 

genome was performed. Based on a bioinformatic analysis and literature survey, we propose 190 

several candidate loci responsible for the production of EPS by A. macleodii (Table S1). Similar 191 

to other biogels (e.g., TEP), A. macleodii biofilm aggregates were found to stain positively with 192 

Alcian blue, propidium iodine, and Coomassie blue, indicating the presence of polysaccharides 193 

and possibly eDNA and proteins, respectively (Supplementary Fig. 4). Additionally, while this 194 

work was in progress, a UDP-glucose-4-epimerase gene has been found to be essential for the 195 

formation of biofilm in A. macleodii ATCC 27126 strain18. By analyzing the chemical 196 

composition of the biofilm aggregates using an acid-based polysaccharide fragmentation analysis 197 
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coupled with mass spectrometry, we found that the biofilm of A. macleodii, similar to other 198 

species of Alteromonas (e.g., ref 19), is composed of a polymer containing glucose, glucuronic 199 

acid, mannose and other carbohydrates in varying ratios (Supplementary Fig. 4). Acidic sugars 200 

may provide the EPS of A. macleodii its viscoelastic, gel-like consistency, similar to xanthan 201 

gum, another polysaccharide with gel-forming properties that is also rich in glucuronic acid 20). 202 

Overall, these results show that A. macleodii's biofilm displays similar chemical and biophysical 203 

properties to other marine biogels, suggesting a possible unexplored role for A. macleodii and 204 

other marine bacteria in determining the fate of carbon in the ocean. 205 

Heterotrophic bacteria may contribute to the biogel standing stock 206 

To test the potential contribution of heterotrophic bacteria to the slowdown of particles by 207 

accumulating biofilm, we estimated the abundance and diversity of biofilm-forming bacteria on 208 

particles. To do so, we tested the prevalence of biofilm formation among 96 heterotrophic 209 

bacteria isolated from particles collected from the coast of Massachusetts, USA 21. When 210 

cultured for two days in a rich medium (MB2216, 200 RPM), ~33% of the 96 isolates formed a 211 

biofilm, and in one-third of these cases, the biofilm was considerably thick and covered large 212 

part of the well (Supplementary Fig. 8; Supplementary Materials and Methods). Altogether, 213 

this suggests that biofilm formation may be widespread among heterotrophic bacteria in the 214 

ocean, possibly as it increases the chances of encountering through direct interception and 215 

sticking to a nutrient-rich sinking particle. However, despite the high prevalence of biofilm-216 

forming bacteria found on particles, not all biofilm-forming bacteria are able to form biofilm 217 

rigid enough to slow a sinking particle.   218 

The biofilm buildup on particles in our experiment is mainly caused by biogel interception 219 

with the particle rather than bacterial growth 220 

The rapid accumulation of biofilm on particles in our experiments was mostly a result of 221 

interception of the biofilm aggregates by the particles as they sank rather than biofilm production 222 

and growth by bacteria residing on the particles. This conclusion is based on microscopy 223 

experiments with single particles held in place in a microfluidic channel and exposed to a flow of 224 

artificial seawater containing A. macleodii biofilm (Supplementary Materials and Methods). 225 

Using the same experimental conditions as in our endless-ocean-column experiments and a 226 

similar flow speed, we observed that biofilm accumulation on the surface of the particle due to 227 
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interception was more prominent than bacterial growth (Supplementary Movie 3). Furthermore, 228 

biofilm elongation occurred at the periphery of the particle as expected by interception, and 229 

swelling of the biofilm, which is expected with growth, was minor. During both experiments (the 230 

microfluidics and the endless-ocean-column), the particle's overall structure did not shrink or 231 

fragment as expected during degradation. Instead, there was a notable addition of biofilm, 232 

supporting the notion that, at least in our experimental setup, biofilm formation is the dominant 233 

reason for the observed slowdown. To further disentangle the effect of growth and degradation 234 

from the effect of biofilm interception, in a further experiment, a particle pre-colonized with A. 235 

macleodii (diluted 1:100 with stationary grown A. macleodii and incubated in a rolling tube for 1 236 

h) was loaded and observed while sinking in the endless-ocean-column in sterile ASW (i.e., no 237 

further biofilm interception occurred, only growth on the particle). In this experiment, little 238 

biofilm growth was observed, and the reduction in particle sinking speed of 12% over 44 h (i.e., 239 

0.27% h-1) was smaller than the 30–45% reduction measured in the presence of a flowing 240 

suspension of biofilm aggregates over a period of 24 h (i.e., 1.25–1.8% h-1) (Supplementary 241 

Fig. 12, Supplementary Movie 6 compared with Fig. 1B and Supplementary Movie 1).  242 

While encounter was the predominant mechanism of biofilm accumulation on particles in our 243 

experiment, we propose that the lability of particles in the environment is likely to vary 1,3, and 244 

consequently, biofilm encounters, biofilm growth, and particle degradation or disaggregation 245 

may all contribute to reducing the sinking speed. These additional mechanisms were not 246 

prominent in our specific experimental system but are likely to play a role in the environment, 247 

reinforcing our conclusion that biofilms and other biogels can interact with marine particles in 248 

different ways and, therefore, can change their sinking substantially based on the specific 249 

dominant mechanisms in action.  250 

251 
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Supplementary figures 252 

 253 
 254 

 255 

 256 

 257 

 258 

 259 
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 264 
Fig. 1. Experimental setup of the ‘endless-ocean-column’ millifluidic device. (A–D) A 265 

pressure controller is used to apply pressure to an artificial seawater medium and push it through 266 

a flow meter and the column, a rectangular glass capillary of length 20 cm and 0.5 × 0.5 cm 267 

cross-section. By adjusting the flow rate to be equal to the sinking speed of a freely sinking 268 

marine particle within the column, the particle remains stationary in front of a lateral camera and 269 

a frontal vertical microscope. Images from the lateral camera are used to determine the vertical 270 

position of the suspended particle by image analysis, and the position and velocity of the particle 271 

are then used to control an air pump to set the flow feeding the column. At the same time, the 272 

frontal vertical microscope is used to image the suspended particle at high magnification (18× 273 
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magnification). Sinking speed is determined by the flow rate from the online flow meter. The 274 

particle is observed 8–10 cm above a 100 µm mesh net located at the bottom of the tube, sealed 275 

with parafilm (panels C and D). A syringe pump, connected via silicone tubing through a Y-276 

shaped connector, feeds the T-junction at the base of the endless ocean tube. The syringe pump is 277 

used to manually adjust the flow, stabilizing and “trapping” the particle at the start of the 278 

experiment (depicted in green in panels A, B, and D). Once the experiment begins, this flow is 279 

deactivated, and an algorithm-controlled pressure pump supplies flow from below (depicted in 280 

blue in panels A, B, and D).  281 
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 282 

 283 
Fig. 2. Sinking speed of particles in the presence of a biofilm-forming or a free-living 284 

bacterial strain. (A–D) Particle sinking speed was measured in an ‘endless-ocean-column’ for 285 

up to 30 h in the presence of Alteromonas macleodii (A and B; orange, n = 4), in sterile artificial 286 

seawater (A and B; blue, n = 5), or in the presence of the non-biofilm free-living bacterial strain 287 

Vibrio cyclitrophicus 1F111 (C and D; green, n = 2). Sinking speed is presented as a function of 288 

depth (A) or time (B–D). Data in (A) and (B) are the raw data used to make Fig. 1, B and C, but 289 

are here presented as absolute values of sinking speed rather than relative. Values for V. 290 

cyclitrophicus 1F111 are presented as absolute speed (C) and relative speed (D). Note that in 291 

panel D, the average slope of sinking speed as a function of time for treatments using V. 292 

cyclitrophicus 1F111 (-0.1%/h) is similar to that of no bacterial treatment (-0.17%/h). Source 293 

data are provided as a Source Data file. The sinking speed values are presented as hourly 294 

averages. The bars represent the standard deviation calculated over the 1-hour interval.  295 

  296 



 
 

16 
 

 297 
Fig. 3. Bacterial biofilm accumulates on sinking particles. Images of two examples of marine 298 

snow particles at two time points during a sinking experiment. (A and B) In the presence of A. 299 

macleodii. Orange arrows indicate bacterial biofilm that accumulated on the periphery of the 300 

particle after 22 h sinking. (C and D) In sterile artificial seawater. Pairs of images (A and B, C 301 

and D) are images of the same particle at different time points—upper right corners, time (h); 302 

lower right corners, scale bar (µm). 303 

  304 
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 305 
Fig. 4. A. macleodii biofilm is composed of polysaccharides, eDNA and proteins. (A) An 306 

acid-based polysaccharide fragmentation analysis identifies the composition of A. macleodii 307 

EPS. (B) Images of stained biofilm aggregates. Propidium iodine stain for DNA was detected by 308 

fluorescence (excitation 587 nm, emission 610 nm). Coomassie blue, for protein, and Alician 309 

blue, for TEP, were visualized using a digital camera (iPhone 13 mini) from the eyepiece hole of 310 

the microscope. Scale bars 100 µm for all images. Source data are provided as a Source Data 311 

file. 312 
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 313 

 314 

 315 
Fig. 5. Biofilm can also accumulate on copepod fecal pellets and serve as an attachment site 316 

for other marine bacteria. (A) Accumulation of biofilm on three copepod fecal pellets 317 

maintained in a microfluidic channel at a flow rate of 14.5 m/day. Images show two time points 318 

for each particle, t = 0 h (left) and t = 46 h (right). (B) Accumulation of GFP-tagged 319 

Marinobacter adhaerens on an algal particle maintained in a microfluidic channel in flow in the 320 

presence of A. macleodii. The image shows biofilm accumulation on the particle after 27 h at a 321 

flow rate of 11 m/day. Red, chlorophyll; green, GFP signal from M. adhaerens; gray, phase 322 

image; lower magnified image, three channels merged. 323 

 324 

 325 

 326 
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 327 
Fig. 6. Bulk sedimentation chamber. For bulk measurements of sinking speed, particles were 328 

imaged as they sank within a glass chamber (10 mm × 6 mm × 150 mm; VitroCom). To quench 329 

convective currents, we placed the chamber within a custom-made acrylic bath (140 mm × 140 330 

mm × 140 mm). An LED panel with a built-in diffuser was placed behind the bath at a distance 331 

of 100 mm to provide homogeneous lighting. Imaging was performed at 5 Hz from a distance of 332 

250 mm using a CMOS camera (SVS Vistek EXO) with a fixed focal lens (Myutron HF3514V-333 

2). The glass chamber and quenching bath were filled with salt water (3.5% w/v) and left to 334 

equilibrate to room temperature for 90 min before each experiment. 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 
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 345 
Fig. 7. Biofilm of other bacteria can also slow the sinking of particles, yet not all biofilm-346 

forming bacteria can. (A–B) Two bacterial strains isolated from marine snow were tested for 347 

their ability to slow down the sinking of particles. Among the two, Pseudomonas zhaodongensis 348 

Pz15 (A) but not Bacillus sp. F2 (B) slowed down the sinking of the particle. The sinking speed 349 

values are presented as hourly averages. The bars represent the standard deviation calculated 350 

over the 1-hour interval. (C) Images of a marine snow particle at two time points (after 1 h, left 351 

and 40 h, right) during a sinking experiment in the presence of Pseudomonas zhaodongensis 352 

(Pz15). Green arrows indicate bacterial biofilm that accumulated on the periphery of the particle 353 

observed after 39 h sinking. Tendrils are less pronounced in experiments with this strain but 354 

deceleration is observed. This indicates that the density change induced by this biofilm is likely 355 

the dominant factor responsible for the deceleration. Alternatively, some of the biofilm of this 356 

strain that we see in the microfluidic experiment (Supplementary Movie 3) is not visualized 357 

well in the endless-ocean-column setup. Source data are provided as a Source Data file. 358 



 
 

21 
 

 359 

 360 
Fig. 8. A large proportion of bacteria isolated from natural marine snow can produce 361 

biofilm. A panel of 96 strains of bacteria that had been isolated from marine snow particles were 362 

tested for their ability to form biofilm when grown for two days in 2216 MB rich medium. About 363 

10% (14/96) of the isolates formed visible biofilm (red arrow). 364 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 

 373 

 374 

 375 
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 376 
Fig. 9. Density of A. macleodii biofilm and of marine particles. (A) The density of A. 377 

macleodii biofilm (red arrows) and free-living A. macleodii bacteria (orange arrow) was 378 

measured using a Percoll gradient as the biofilm developed. Development of biofilm is observed 379 

from 24 h of A. macleodii growth onwards. Biofilm accumulates on the 30% layer of Percoll 380 

after 24 h and on the 20% layer after 48 h, whereas free bacteria settle to denser layers. (B) To 381 

convert from Percoll percentage to absolute density, a standard curve was made by measuring 382 

the density of each layer of Percoll and comparing its percentage with the weight of 1 ml volume 383 

of liquid. (C) Free-living Phaeodactylum tricornutum algae (8-day-old culture) accumulate 384 

mostly in the 40% Percoll layer (light green arrow). Small amounts of free-living algae are also 385 

found in other density layers, indicating a variable density within the algal population. After 8 386 

days of aggregation in a rolling tube, the particles (dark green arrow) have a density greater than 387 

100% Percoll, which corresponds to >1.125 kg/L (see supplementary methods for experimental 388 

procedure). Source data are provided as a Source Data file. 389 
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 390 

 391 
Fig. 10. Biofilm increases the drag on particles and, therefore, slows their sinking speed. 392 

Sensitivity analysis for the model of the sinking of spherical particles with tendrils. The three-393 

dimensional numerical model was developed to test the effect of biofilm accumulation on 394 

particles, by coupling fluid flow simulations with an ordinary differential equation (ODE) to 395 

calculate the balance of forces acting on a solid object as it sinks. (A) Impact of the number of 396 

tendrils (grayscale) on the sinking of particles. Where the tendril angle ranges between 25° and 397 

85° (relative to the angle of 12:00 o’clock), and the tendril radius (thickness) between 0.5 rt and 398 

2 rt; Note that the tendrils were placed in a radial symmetry around the horizontal circumference. 399 
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(B) Impact of the radius of the tendrils (grayscale) on the sinking of particles. Where the number 400 

of tendrils ranges between 3 and 10, and tendril angle between 25° and 85°. (C) Impact of the 401 

angle of the tendrils (grayscale) on the sinking of particles. Where the number of tendrils ranges 402 

between 3 and 10, and the tendril radius (thickness) between 0.5 rt  and 2 rt. All cases represent 403 

the attachment of suspended biofilm with a density equivalent to that of water (𝜌𝜌b  = 𝜌𝜌f), similar 404 

to the case of A. macleodii biofilm tendrils. The factors tested in each panel are represented in 405 

the inset illustrations. (D) Correlation matrix of the model parameters. Correlation coefficients 406 

are color-coded, with positive correlations in red and negative correlations in blue. The matrix 407 

reveals a strong negative correlation between particle surface area, tendril length, and sinking 408 

velocity. As expected, particle density shows a positive correlation with sinking speed. The 409 

number and angle of the tendrils exhibit a weaker correlation with sinking speed, indicating a 410 

lesser impact of these parameters on the overall sinking speed. Source data are provided as a 411 

Source Data file. 412 

 413 
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 421 
Fig. 11. Impact of biogel concentration on particle sinking speeds. (A and B) Influence of 422 

biogel concentration in the water column on the accumulation of gel on particles traversing 100 423 

m through water. Results are independent of the particle sinking speed. Colors represent particles 424 

of different initial sizes (color legend on right). (C and D) Estimation of sinking reduction based 425 

on biogel volume addition, using two different scenarios (based on the numerical model). The 426 

calculation incorporates the addition of biogel in the form of tendrils. Biogel aggregates are 427 

assumed to have a radius of 3 µm (A and C) or 7.5 µm (B and D). Source data are provided as a 428 

Source Data file. 429 

 430 

 431 
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 432 
Fig. 12. In the absence of accumulation of biofilm, biofilm growth alone leads to relatively 433 

little reduction in sinking speed of particles in our experimental system. (A, B, D, and E) 434 

The sinking speed of a particle pre-colonized by A. macleodii and sinking in sterile seawater as a 435 

function of time, for absolute speed (A) and speed relative to the initial speed (D), and as a 436 

function of equivalent depth, for absolute speed (B) and relative speed (E). The sinking speed 437 

values are presented as hourly averages. The bars represent the standard deviation calculated 438 

over the 1-hour interval. (C and F) Images of the top of a particle (inset in C). Small amount of 439 

biofilm has developed about 24 h post inoculation (orange arrows in (F) relative to the same area 440 

on the particle at time 1:20 h (C)). The biofilm on the particle, in this case, is purely a result of 441 

growth, as no A. macleodii biofilm was present in the ASW reservoir feeding the endless ocean 442 

column. Source data are provided as a Source Data file. 443 

 444 

 445 

 446 

 447 

 448 

 449 

 450 



 
 

27 
 

 451 

 452 
Fig 13. The flow velocity inside the experimental column, normalized by its mean value. (A) 453 

The solid line is the theoretical velocity profile within a square tube with a side length of 0.5 cm 454 

(e.g., Delplace 2018) 22. The velocity at the center of the tube is 2.13 times the mean velocity. 455 

The black circle indicates the experimentally determined mean value of the ratio between the 456 

measured sinking velocity and the average flow velocity, which was 1.88. The bar represents the 457 

standard deviation calculated from 10 replicates (±0.21). (B) Three-dimensional numerical 458 

model of a spherical particle sinking in the column in the presence of counter-flow, solved using 459 

COMSOL. The model calculates the mean velocity of the counter-flow required to keep the 460 

particle stationary. The colorbar represents the magnitude of the fluid velocity. This model 461 

evaluates the influence of the tube walls on fluid flow and, consequently, on the particle’s 462 

terminal velocity. When a no-slip boundary condition is imposed at the tube walls (left panel), 463 

the flow velocity required to balance the particle’s sinking is approximately half that of a system 464 

with slip boundaries (right panel). This further confirms that the ratio between the particle 465 

sinking speed and the mean flow velocity in the experimental column (which has no-slip 466 

boundaries) is approximately 2, aligning with the theoretical and experimental results (panel A).  467 
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 468 

Fig 14: Workflow for calculating the sinking velocity of particles with tendrils using the 469 

LiveLink MATLAB-COMSOL interface. The process begins in MATLAB with the definition 470 

of problem parameters, including fluid properties (density and viscosity), particle characteristics 471 

(size and density), and tendril attributes (number, orientation, length, and radius) (upper panel). 472 

These parameters are then transferred to COMSOL, where MATLAB executes the first 473 

COMSOL model to generate the geometry of the composite object, consisting of the particle and 474 

tendrils (middle panel). Due to the discretization involved in meshing, the resulting composite 475 

object may exhibit slight deviations from the analytically defined properties. Therefore, 476 

COMSOL recalculates definitive properties such as density, mass, and volume based on the 477 
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meshed object. The adjusted properties are then passed back to MATLAB, which subsequently 478 

executes the second COMSOL model to solve Equations 1–4 and determine the sinking velocity 479 

(bottom panel). The image in the bottom panel compares the sinking velocity of a particle with 480 

tendrils to that of a particle without tendrils. The x-axis in the bottom panel represents the time 481 

required for the particle to reach its terminal sinking speed. 482 

483 
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