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S1. HYDRODYNAMIC TREADMILL OPERATION

The purpose of the hydrodynamic treadmill is to reduce the net force acting on oil droplets

to zero, allowing for prolonged observation of stationary droplets in the lab frame. When the

treadmill rotates, the fluid in the transparent, annular chamber quickly reaches rigid body

motion and moves at the same angular velocity ω as the chamber, as shown in Fig. S1A.

There are three forces acting on a droplet of radius R in the treadmill: the force of gravity

FG = ρ′oV g, the buoyant force FB = ρwV g, and the Stokes drag FD = 6πRµv, as indicated

in Fig. S1B. Here, V = 4
3
πR3 is the droplet volume, g is the acceleration due to gravity, ρw

and µ are the surrounding fluid density and viscosity, respectively, and ρ′o is the density of

oil (unweathered/weathered) or of the deformed aggregate (droplet colonized by bacteria).

Crucially, v is the velocity of the fluid relative to the droplet. The terminal velocity of the

deformed droplet relative to the surrounding fluid is then given by

vD(R) =
2

9

g

µ
(ρ′o − ρw)R

2 . (1)

Thus, for the droplet to be stationary in the lab frame, the rotation of the hydrodynamic

treadmill must be adjusted so that the fluid in the annular chamber around the droplet

moves with a downward speed given by Eq. (1). For a droplet at the center of the chamber,

the local tangential speed of the chamber is ω(Ro + Ri)2, where Ro and Ri are the outer

FIG. S1. (A) Schematic of hydrodynamic treadmill rotating with angular velocity ω. (B) Image of

oil droplet deformed by bacteria with free body diagram showing forces acting on it in the water

column. The red dashed line shows the radius R of the deformed droplet.
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and inner radii of the chamber, respectively. For stationary droplets, the required angular

velocity, which can be set using the motor controller, as a function of droplet size is given

by

ω =
4g

9µ(Ro +Ri)
(ρ′o − ρw)R

2 . (2)

The approximate rotation rate of the chamber is chosen for prolonged observation of

“rising” droplets using Eq. (2). Slight adjustments can then be made as needed to ac-

count for variations in droplet density and position in the chamber. Examples of droplet

motion and fluid flow in the chamber for uncolonized and deformed droplets can be seen in

Supplementary Videos SV1 and SV2, respectively.

S2. CALCULATING INITIAL DROPLET RADII

In the present work, rising oil droplets deformed by bacteria are measured to rise through

a water column more slowly than oil droplets without bacteria. In other words, the measured

rising speed of a deformed droplet of radius R is vD < vT (R), where

vT (R) =
2

9

g

µ
(ρo − ρw)R

2 , (3)

is the expected terminal speed for a droplet of oil (without bacteria) with density ρo rising

through the water with density ρw. In experiments conducted with the hydrodynamic tread-

mill, R is the equivalent radius of the droplets, which includes any bio-aggregate formed as

a result of bacterial colonization.

In previous work [1], it was found that these bio-aggregates increase the total droplet

radius by an amount ∆R. The relative increase in radius ∆R/R0 ranges from 0.08 to 1.56,

where R0 is the initial droplet radius such that R = R0+∆R. The decrease in rising speeds

observed using the treadmill is the result of the coupled effect of a change in density and

drag force on droplets caused by bio-aggregate formation. Therefore, droplets for which

this effect is stronger have a larger bio-aggregate at their surface. Specifically, the ratio

vD/vT (R) should be inversely correlated with the ratio R/R0. This correlation will be used

to estimate the latter ratio using measured values of the former.

To make this problem tractable, it is assumed here that the dependence of the ratio of

the speeds on the ratio of the radii can be approximated by a power law:

vD
vT (R)

= a

[
R

R0

]b
. (4)
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In hydrodynamic treadmill experiments, measured values of vD/vT (R) ranged from 0.046 to

0.690. We assume that this corresponds to the known range of values for R/R0 from the

previous results described above: 1.08 to 2.56. Additionally, for droplets with R/R0 = 1,

the ratio of speeds should also be vD/vT (R) = 1. These three ordered pairs then allow the

coefficients for power law in Eq. (4) to be estimated:

vD
vT (R)

=

[
R

R0

]−3.29

. (5)

This equation is subsequently used to calculate R0 for each deformed droplet in the hy-

drodynamic treadmill. Using this estimated initial radius, a new theoretical rising speed

vT (R0) is also calculated from Eq. (3). Finally, the actual decrease in rising speed caused

by bacterial colonization of droplets is given by vD/vT (R0), which is used to generate the

changes in rising times over 1000 m ∆T shown in Fig. 5 of the main text.

To assess the importance of considering the change in droplet size caused by bacterial

colonization, the results presented in Fig. 5 can be compared to what we would have

obtained had we simply assumed R0 = R, or ∆R = 0. The resulting data for the change

in rising times are shown in Fig. S2 (red points) along with the data for R0 = R − ∆R

(blue points) obtained using the method described above. The power law fit for the points

with R0 = R is significantly worse (R2 = 0.27) than when bio-aggregate formation is taken

into account and ∆R ̸= 0 (R2 = 0.71). Additionally, the exponent for the power law fit

∆T ∝ Rα
0 is α = −1.9± 0.5, which is significantly smaller than the exponent obtained when

the bio-aggregate is accounted for, α = −2.8 ± 0.3. Therefore, neglecting to consider the

change in droplet size due to bacterial colonization would cause the effect of droplet radius

on transport to be underestimated. Future models of oil droplet transport should consider

bio-aggregate formation during oil biodegradation.

S3. CHANGES IN DROPLET TRAJECTORIES DUE TO BACTERIAL COLO-

NIZATION

Based on the results of this work, it is possible to estimate how the trajectory of a rising

droplet through a water column would change as a result of bacterial colonization. After

a bacterium first encounters a droplet in our experiments, bio-aggregate formation occurs

within less than 24 h. For simplicity, we assume here that the rising speed of a droplet
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FIG. S2. Change in the time for droplets to rise from a deep-sea spill at a depth of 1000 m to the

ocean surface as a result of bacterial colonization, in weeks, as a function of initial droplet radius.

Blue points: droplet radii are estimated from previous results describing bio-aggregate emergence

due to interfacial cell growth. Dashed line represents best power-law fit to the data: ∆T ∝ R−2.8
0 .

Red points: droplet radii are measured directly in the hydrodynamic treadmill, and it is assumed

that ∆R = 0. Dotted line represents best power-law fit to the data: ∆T ∝ R−1.9
0 .

does not change significantly for 1 day after a droplet enters a marine environment where

oil-degrading bacteria are present. For this first day, the rising speed of a droplet with

radius R0 is then given by the terminal velocity for an uncolonized droplet in Eq. (3). After

bacterial colonization, the speed of a droplet is estimated by fitting a power law to our

experimental data of the rising speeds of deformed droplets:

vD = (4.92× 10−2)R2.36
0 , (6)

where vD is the rising speed in µm/s measured in the Hydrodynamic treadmill, and R0 is

the initial droplet radius in µm calculated as described in the previous section.

The trajectories of rising droplets are affected significantly by bacterial colonization on

spatio-temporal scales relevant for realistic oil spill scenarios. Vertical distances of rising

droplets with initial radii R0 = 20, 40, and 60 µm as functions of time are shown in Fig.
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FIG. S3. Vertical distance traveled by rising droplets as a function of time. Trajectories for

three different initial radii are shown with (solid lines) and without (dashed lines) bio-aggregate

formation caused by bacterial growth. The change in rising time ∆T for droplets rising 1000 m is

shown at the top of the graph.

S3 with (solid lines) and (dashed lines) without bacterial colonization. For all three droplet

sizes, the rising time is much longer than 1 day, meaning the time it takes for bacteria to

colonize and deform droplets is negligible. As previously described, the change in rising

time ∆T caused by bio-aggregate formation depends strongly on the droplet size. For the

20 µm droplet, ∆T = 13 weeks, for the 40 µm droplet, ∆T = 1.8 weeks, and for the 60

µm droplet, ∆T = 0.44 weeks. This simple model of oil droplet transport does not take

into account the entrenchment which can cause deep-sea plumes of droplets to remain at

depth, and would increase the time it takes for oil to reach the surface, further compounding

the effect of bio-aggregate formation. Nevertheless, the effect of bacterial colonization on

droplet transport is significant. This analysis shows how the results of this paper may be

used to improve existing models of oil droplet transport.
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S4. ENCOUNTER TIMES BETWEEN BACTERIA AND OIL DROPLETS

Before droplets can become deformed, at least one bacterium must encounter each droplet

to begin colonizing its surface. For the rising times calculated above and in the main

article, it was assumed that the encounter time between droplets and bacteria was negligible

compared to the droplets’ rising time. Here, we will describe the conditions under which

this assumption is justified, and how relaxing it would affect the above analysis.

The average encounter time between a bacterium and an oil droplet is given by

Tenc =
1

4π(r +R)(DB +DD)CB

, (7)

where r is the equivalent radius of one bacterium, R is the droplet radius, DB and DD

are the diffusion coefficients of the bacterium and the droplet, respectively, and CB is the

cell concentration. In the experiments presented here, droplets were colonized in culture

tubes of the bacterial growth medium, where the cell concentration typically reaches 108

cells/mL within 1 day. For realistic values of the other parameters [2], this results in an

average encounter time of fewer than 10 minutes for all droplet sizes studied here, which

can be considered instantaneous on the scale of droplet rising times and degradation rates.

Even for cell concentrations of 106 cells/mL, similar to those measured in oil-contaminated

waters [3, 4], encounter times are less than 1 day, which is much less than droplet rising times.

For all droplets with R < 100 µm, encounter times for a cell concentration of 106 cells/mL

are < 2% of the rising time over 1000 m. Therefore, encounter times may be neglected for

the range of droplet sizes studied here while maintaining relevance to real-world oil spill

scenarios.

In waters with lower cell concentrations, such as those in uncontaminated marine envi-

ronments, encounter times would become significant compared to rising times, and could

not be neglected. Such circumstances are relevant when studying the very beginning of an

oil spill. Within days of a spill, cell concentrations would begin to increase locally in regions

where the oil concentration is high, leading to spatially heterogeneous encounter rates. The

feedback loop between oil and cell concentrations, and their dependence on the dilution rates

at sea [5], make calculating encounter rates in these scenarios quite challenging and beyond

the scope of this work.
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S5. FURTHER ANALYSIS AND DISCUSSION OF SINKING BIO-AGGREGATES

While the rising particles observed in the above experiments were droplets colonized and

deformed by cells, sinking particles had more complex morphologies. They were large pieces

of bio-aggregate in which small quantities of oil were embedded. There are two primary

mechanisms by which such aggregates could be formed in the setup described in Fig. 2 of the

main text. First, if a large bio-aggregate forms around the droplet, it is possible that parts

of it can break off because of the agitation of the dispersion. Second, a bio-aggregate could

also form on the thin film of oil which remains on the culture medium as the dispersion is

formed. Pieces of this aggregate could then also break off and be dispersed into the fluid. The

formation of a biofilm on the underside of an oil film has previously been observed [6]. The

distinction between these two formation mechanisms of sinking bio-aggregates is important,

as they describe how bacterial colonization can lead to the downward transport of oil both

from a deep-sea plume of droplets and from an oil slick at the ocean surface.

The total quantity of oil transported downwards by sinking particles of bio-aggregate is

very small. By using fluorescence microscopy to measure the volume of oil in many sinking

particles, the density of oil in the fluid from which samples were taken is estimated to be

between 1.6 and 8.1 ppm. The volume of oil initially used in these experiments was 100

µL, and the total sample volume for sinking particles was 2 mL. Therefore, only between

3.2 × 10−3 % and 1.6 × 10−2 % of the oil became sedimented as a result of bio-aggregate

formation. This particular result is likely very sensitive to the initial conditions of our

experiment, particularly the amount of agitation when creating the dispersion, and the

thickness of the oil slick in the tube, shown in Fig. 2A of the main text. Future work should

consider using parameters realistic for real oil spill scenarios, potentially including the use

of chemical dispersants, to more accurately assess the potential for oil sedimentation by

bacterial growth.

The speeds of sinking particles measured in the treadmill, along with particle composi-

tions measured using microscopy, can be used to estimate the mass density of biofilms of A.

borkumensis. Consider the slowest sinking particles (or neutrally buoyant particles), which

have a density of 1.0 g/mL. The proportion of oil in these particles is likely close to the max-

imum value observed for sinking bio-aggregates, 7.8% by volume. Since the density of the

oil (0.899 g/mL) is known, the density of the remaining volume, composed of bacteria and
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EPS, must be at least 1.009 g/mL. On the other hand, consider the fastest sinking particle

observed in the hydrodynamic treadmill, with a terminal speed of 142 µm/s. Supposing

this particle had an average oil proportion, 2.3%, Eq. (3) can be used to calculate that the

density of the remaining constituents of the particle must be 1.037 g/mL. Thus, the density

of the cells and EPS which make up most of the bio-aggregates is only slightly larger than

that of water. This result is in agreement with other studies which have reported slowly

sinking millimeter-sized particles consisting largely of exopolymers [7]. These parameters

could be useful for the creation of more accurate models of oil transport during bacterial

colonization.

S6. SUPPLEMENTARY VIDEO DESCRIPTIONS

Supplementary Video 1: Real-time video of an oil droplet with R = 38 µm in the hy-

drodynamic treadmill from a control experiment with no bacteria. Tracer particles show the

laminar, rigid body motion of the surrounding fluid caused by the rotation of the chamber.

The relative vertical speed of the droplet and the fluid was measured to be vT = 440 µm/s.

The video was recorded and played back at 20 fps.

Supplementary Video 2: Real-time video of an oil droplet with R = 45 µm that has

been significantly deformed by bacteria in the hydrodynamic treadmill. Tracer particles

show the slow but steady movement of the fluid in the chamber. The relative vertical speed

of the droplet and the fluid was measured to be vD = 34 µm/s. The video was recorded and

played back at 20 fps.
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