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The role of activity on the hydrodynamic dispersion of bacteria in a model porous
medium is studied by tracking thousands of bacteria in a microfluidic chip containing
randomly placed pillars. We first evaluate the spreading dynamics of two populations of
motile and nonmotile bacteria injected at different flow rates. In both cases, we observe that
the mean and the variance of the distances covered by the bacteria vary linearly with time
and flow velocity, a result qualitatively consistent with the standard geometric dispersion
picture. However, quantitatively, the motile bacteria display a systematic retardation effect
when compared to the nonmotile ones. Furthermore, the shape of the traveled distance
distribution in the flow direction differs significantly for both the motile and the nonmotile
strains, hence probing a markedly different exploration process. For the nonmotile bacteria,
the distribution is Gaussian, whereas for the motile ones, the distribution displays a
positive skewness and spreads exponentially downstream akin to a � distribution. The
detailed microscopic study of the trajectories reveals two salient effects characterizing the
exploration process of motile bacteria: (1) the emergence of an “active” retention effect
due to an extended exploration of the pore surfaces and (2) an enhanced spreading at the
forefront due to the transport of bacteria along “fast tracks” where they acquire a velocity
larger than the local flow velocity. We finally discuss the practical applications of these
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effects on the large-scale macroscopic transfer and contamination processes caused by
microbes in natural environments.

DOI: 10.1103/PhysRevFluids.4.013102

I. INTRODUCTION

Understanding the transport of microorganisms in heterogeneous media is a question dealing
with a large variety of scientific and technological domains such as bacteriology, ecology, sciences
for environment, petroleum research, or medicine. For example, bacteria are now used as vectors
for fighting cancers [1,2]. The oil industry also considers the potential of bacteria injection to
enhance oil recovery [3]. Nowadays, bioremediation techniques are developed in which contam-
inants trapped in the ground are targeted and then decomposed or fixed by bacteria [4]. Some
biotechnologies require the isolation of specific microbial strains, and these processes need adapted
filtration or sorting techniques [5].

A better understanding of how microorganisms are transported trapped or dispersed in disordered
porous media is not only a key to the development of future innovative applications but also
may shed new lights on the strategies that microorganisms use to maximize their survival and
proliferation abilities in natural conditions.

In the past decades, modeling the transport of microorganisms was essentially driven by an
increasing concern about pollution of ground waters [6,7]. The approaches used to model the trans-
port in porous media are currently based on the standard advection-dispersion equation including
biological processes such as growth and mass exchange with the grains, through phenomenological
coefficients derived from breakthrough curves [8–13]. The focus has been mostly put on the
adhesion properties influenced by chemical processes like pH or ionic strength. The final outcome
of these analyzes is often disappointing as most of the reports conclude on difficulties to scale up
laboratory column experiments [14,15]. Surprisingly, little is known about the influence of microbial
motility on the retention processes inside the pores or the way the swimming ability contributes
to the transport in confined channels, although some studies bring the evidence of an undeniable
influence [16,17]. It is only recently that a macrocontinuum transport model based on a generalized
Taylor-dispersion approach was undertaken to study the dispersion in model porous media made of
a periodic array of pillars [18].

Recent developments in microfluidic techniques provide a new and efficient tool that can be
used to visualize transport processes of bacteria and allow to assess the influence of well-controlled
environments like the dynamical trapping caused by retention by obstacle [19,20]. For example,
Ford and co-workers [21] quantified the enhancement of transverse migration of bacteria due
to chemotaxis. Additionally, other developments in microfluidic technology provided a way to
observe the movement of bacteria in “simple” flows and to study the rheotactic coupling between
bacteria motility and flows in channels [22] as well as the coupling of the shear rate with flagellar
helicity [23]. Furthermore, many studies demonstrate the specificity and variety of motions of
motile microorganisms in confined geometries such as a circular motion at planar surfaces [24], an
upstream swimming in response to shear at surfaces [23,25,26], in capillary tubes [27], or at edges
[28], as well as a transverse drift at surfaces [26,28] also due the coupling with flagellar helicity.
This has important macroscopic consequences on the organization of bacteria in a flow, such as the
depletion of bacteria at zero-shear regions [22] or the accumulation of swimmers at surfaces [29],
at stagnation points [30], or downstream a channel constrictions [31].

It is then clear from all these examples that bacteria spend a significant fraction of time
on surfaces which can be seen as inducing a dynamical trapping process essentially due to
hydrodynamic interactions. However, what still needs to be understood is the contribution of these
processes to the transport at a macroscopic scale.

Our study demonstrates how physical processes associated with the interplay between motility
and flow in a disordered porous medium lead to significant effects on the macroscopic transport
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FIG. 1. (a) Schematic view of the overall microfluidic chip. (b) Colored lines representing trajectories of
motile bacteria in the porous space. (c, d) Superimpositions of the velocity field obtained with passive tracers
and E. coli trajectories (black solid lines) for nonmotile (c) and motile (d) bacteria during �t = 10 s at a flow
rate U = 36 μm/s. White circles represent the pillars (average diameter d = 35 μm). Images are recorded with
a 10× objective. The field of view is 1 mm × 0.5 mm.

properties. To this purpose, we designed a microfluidic environment in which motility and pore
geometry are the dominant ingredients influencing the hydrodynamic dispersion of a bacterial fluid.
The microfluidic channel includes some of the random structural heterogeneities of natural pore
structures. We also used motile and nonmotile bacteria that do not stick to the surfaces. This choice
of strains with different motility is important to identify the specificity of motility-borne effects,
as was already noticed in studies of bacterial swarming [32,33]. The study was performed in a
large window of flow rates, and in this report we provide crucial experimental observations to help
develop new physical transport models.

II. MATERIALS AND METHODS

A. Microfluidic chip fabrication

The microfluidic chip is designed by standard photolithography techniques. The channel ge-
ometry is a serpentine of rectangular section (width = 500 μm, height = 100 μm) filled with
circular pillars [see Fig. 1(b)]. The pillar centers are randomly distributed along the channel, and
their diameter are randomly chosen among four values (20, 30, 40, and 50 μm). Channels are
designed to be filled at 33%. The average diameter of the obstacles is thus d = 35 μm, the average
distance between two close neighbors is ∼10 μm. Channels are made of polydimethyle siloxane
(PDMS), and the chip is bonded onto a glass plate (5.5 cm × 5.5 cm) using a plasma cleaner.
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PMDS is permeable to oxygen allowing a continuous oxygenation of the suspension ensuring the
constant swimming activity of the bacteria during the experiments [34].

B. Strain and culture

A fluorescent Escherichia coli RP437 strain is used. The fluorescence is obtained by transforming
the wild-type E. coli RP437 with a plasmid coding for a yellow fluorescent protein. The bacteria
are cultured overnight at 30 ◦C and shaken at 240 rpm in M9 minimal medium supplemented
with 1 mg/ml casamino acids, 4 mg/ml glucose, and 25 μg/ml chloramphenicol at 0.05%. The
growth medium is then removed by centrifugation (2300 g for 10 min). The bacterial suspension is
then rinsed with milliQ water to remove any residuals from the overnight culture. The bacterial
population is finally resuspended into a motility buffer containing 10 mM phosphate buffer
(pH = 7), 0.1 mM EDTA, 1 μM L-methionine, and 10 mM sodium L-lactate. To avoid bacterial
sedimentation, the suspension is mixed with Percoll (1 v/v). In this suspending medium, bacteria
are able to live and swim but do not divide. The optical density (OD) is measured at 600 nm using a
spectrophotometer BEL SP 1105 in order to determine the bacterial concentration. All experiments
are performed at a low cell concentration (OD ∼ 2.5 × 10−3 ∼ 3 bacteria/μl) but high enough
to get good statistics for tracking measurements. Under those conditions, the average swimming
velocity is measured to be vb = 19 ± 4 μm/s and remains roughly constant for several hours.
Nonmotile bacteria are prepared by keeping the suspension at 4 ◦C for 5 h. The suspension is then
maintained at 22 ◦C for 30 min before its use. No sign of motility is detected over the entire duration
of the experiments (i.e., 4 h).

C. Experimental protocol

Observations are performed with a camera mounted on a Leica DMI 6000 inverted microscope
driven by μManager software [35]. Two cameras are used: (1) a IDS CMOS camera for phase-
contrast visualization and (2) a Hamamatsu ORCA-Flash 4.0 camera when the fluorescence mode
is preferred. Most of the movies are recorded at different places located at about 2 cm from the
inlet of the channel, which corresponds to a distance of approximately 20 000 cell bodies or 600
grain sizes. First, the microfluidic device is filled with motility buffer and Percoll (50%). A 100 μl
syringe is filled with the bacterial suspension and loaded on a computer-controlled Nemesys pump.
Most of the experiments are done with a 10× objective, the field of depth of which is ∼30 μm
(about 1/3 of the channel height). Before the image acquisition, the objective is moved vertically
to focus on the middle of the channel. The images of Fig. 1(b) and the movie are obtained using
a 63× objective (field of depth 1 μm). Sequences of 3000 images are recorded with a frame rate
that depends on the flow velocity. It is chosen such that the average distance traveled by the bacteria
between two successive frames is ∼5 μm. Before the acquisition of the image sequence, three to
five short sequences of 100 images are taken every 10 min and processed systematically to verify
the steadiness of the flow.

D. Image analysis and bacteria tracking

Bacteria tracking is done using the “trackmate” plug-in of the image analysis freeware Fiji [36].
Prior to the analysis, the average image obtained over the whole sequence lasting between 32 and
450 s is subtracted from each image. The tracking procedure has two steps: (1) bacteria detection
and (2) frame by frame linking of positions to build the individual tracks. The output is a data
file giving for each detected bacterium its position x�ex + y�ey as a function of time t . Figures 1(c)
and 1(d) show examples of trajectories obtained with this method. Thousands of trajectories are
obtained at the same field of view along the channel for motile and nonmotile bacteria but also for
latex beads of diameter 2 μm. The flow velocity field �v(x, y) is derived from these passive tracer
trajectories. The coarse-grained spatial resolution used to determine the flow field corresponds to a
square of 5 px × 5 px (2.75 μm × 2.75 μm). Figures 1(c) and 1(d) show a typical velocity field
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FIG. 2. (a, c) Distributions P (�x,�t ) of the distances �x, traveled along the flow direction at a time
�t = 3 s, for motile (a) and nonmotile (c) bacteria at different flow velocities. (b, d) Normalized distributions
P ∗(ξ ) where ξ = �x−�x

σx
for the motile (b) and the nonmotile (d) bacteria. For each flow velocity, five different

�t are represented (�t = 1, 3, 5, 7, and 9 s). Solid red line: (b) a Gaussian distribution of zero mean and unit
variance and (d) a best fit from a � distribution.

obtained using this method and superimposed with a few trajectories of nonmotile [Fig. 1(c)] and
motile [Fig. 1(d)] bacteria. The conversion between the flow rate Q imposed by the pump and the
average flow velocity U is obtained from a series of calibration experiments performed with the
passive tracers.

III. RESULTS

Differences between motile and nonmotile bacteria are qualitatively illustrated in the trajectories
displayed in Figs. 1(c) and 1(d). While the trajectories of nonmotile bacteria are primarily oriented
along the flow direction and follow the streamlines [Fig. 1(c)], the motile bacteria display more
erratic trajectories with a significant deviation from the flow lines [Fig. 1(d)]. Magnification at the
level of the obstacles [Fig. 1(b)] reveals that the motile bacteria trajectories are interspersed with
moments in which the bacteria change direction, move upstream, and travel back and forth from the
vicinity of one obstacle to another, much like a ball in a pinball game.

Quantitatively, we characterize the transport and dispersion properties by computing the distri-
butions of distances traveled by the bacteria along both the flow direction (�x) and the transverse
direction (�y) over a time interval �t . Figure 2 shows the distributions P (�x,�t ) for a fixed
time interval �t = 3 s for motile [Fig. 2(a)] and nonmotile [Fig. 2(b)] bacteria, at different flow
rates. Significant differences in the spreading dynamics and in the shape are immediately visible.
In the following, we provide an account for the transport of motile and nonmotile bacteria by a

013102-5



CREPPY, CLÉMENT, DOUARCHE, D’ANGELO, AND AURADOU

quantitative analysis of these distributions. We define the averages of the displacement distributions
over the trajectories (�x and �y) as well as the standard deviations (σx and σy) along the x and y

axis, respectively. We also determine the distributions of the adimensionalized variables: ξ = �x−�x
σx

and the skewness of the distribution along the flow Skx .

A. Dispersion processes

To highlight the differences between the motile and the nonmotile bacteria, we characterize the
shapes of the distributions of the adimensionalized transport distances along the flow P ∗(ξ ) for the
motile [see Fig. 2(c)] and for the nonmotile [see Fig. 2(d)] bacteria.

Importantly these distributions collapse on the same curve for all flow velocities U and for
time intervals corresponding to a mean displacement larger than one and up to six pore sizes
(∼210 μm) as long as the measurement can be performed. Then it shows that above the pore
distance, one gets a converged stochastic process characterizing the transport and the dispersion
of bacteria in the porous medium. For the nonmotile bacteria, the distribution is very close to a
normal distribution (a Gaussian of zero mean, unit variance, and zero skewness). The correlation
coefficient for the fit is 0.966. This result is the one expected for classical geometrical dispersion of
inert species in porous flows [37,38]. For motile bacteria, however, the rescaled distribution displays
a significant mean skewness (Skx ∼ 0.85) characterizing both a forward spreading and a retardation
effect that can be seen on the maximum position (the mode) standing at a negative value (∼−0.5).
For ξs > −2, the distribution can be approximately fitted using a � distribution, which highlights
the exponential decay of the forefront: P ∗(ξ ) = �(k)−1ξ−k

0 (ξ − ξs )k−1 exp[−(ξ − ξs )/ξ0] with
k ∼ 3.366, ξs = −2, and ξ0 ∼ 0.612. Therefore at the front, the rescaled distribution decays more
slowly for motile than for nonmotile bacteria, which is the sign of an enhanced transport process
over a mesoscopic scale larger than the pore size.

B. Average transport properties

We study the influence of the flow velocity on the average position of the bacterial population.
For all flow rates and for different time intervals �t , the mean displacements �x are computed.
Figure 3(a) displays the average displacements as a function of the average distance U�t traveled
by the fluid during the same time. We see that all data obtained for the nonmotile bacteria [square
symbols in Fig. 3(a)] roughly collapse onto a line of slope ∼1. This result indicates that the
nonmotile bacteria progress in the porous medium with the average velocity of the fluid as would
do passive tracers. However, for motile bacteria, we identify significant differences [circle symbols
in Fig. 3(a)]. For a given mean flow velocity U , the average distance �x also increases linearly with
time but with a slope smaller than 1. This slope depends on the mean flow rate U , hence probing a
retardation effect due to motility. A linear fit of the data gives an estimate of the average transport
velocity UM of the motile bacteria. In Fig. 3(b) UM is plotted as a function of U , and we see for
U > 50 μm/s an offset of the order of 20 ± 12 μm/s.

C. Dispersion dynamics

To quantify the spreading of the bacteria, we display the quadratic displacement of the

longitudinal distance traveled by the bacteria rescaled by the mean size of the obstacles σ 2
x

d2 as
a function of the rescaled time t∗ = U�t

d
(see Fig. 4) for different average flow velocities. The

data obtained for the motile [Fig. 4(a)] and the nonmotile [Fig. 4(b)] bacteria show essentially
the same behavior. At short periods of time, a ballistic regime where σ 2

x varies quadratically
with time and at long periods (see insets in Fig. 4), a transition towards a diffusive regime for
which σ 2

x ∼ t∗. To extract the effective longitudinal diffusion coefficient, we use the standard Fürth
function, f (t∗) = α[βt∗ − (1 − e−βt∗ )], derived from an Ornstein-Uhlenbeck process [39,40] using
α and β as fitting parameters. The solid lines in Figs. 4(a) and 4(b) show the adjustments by a
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FIG. 3. (a) Mean positions of the bacterial population �x, as a function of the mean distance traveled by
the fluid U�t , for both motile (M) and nonmotile (NM) bacteria and for different flow rates. (b) Mean transport
velocity of the motile bacteria UM as a function of the mean flow velocity U . The dotted line represents the
y = x function.

least-squares regression of our data. The adjustment is very good for all the flow velocities used
and up to t∗ ∼ 6 pore sizes. The fitting parameters are then used to determine the dispersion
coefficients DL = αβdU

2 . The confidence intervals of α and β were used to calculate the error bars
of the dispersion coefficients. The crossover times correspond in all cases to a traveling distance
comparable to a pore size.

The dispersion coefficients for nonmotile bacteria (DNM
L ) and motile bacteria (DM

L ) are displayed
in Fig. 5 as a function of the mean flow velocity U . For nonmotile bacteria the dispersion coefficient
is independent of the flow rate, and we extract a dispersivity length scale ζNM such that DNM

L =
ζNM
L U . One finds ζNM

L = 50 (±16) μm, on the order of the pore size, which is a standard feature
of geometrical dispersions occurring in disordered porous media [10,13].

For motile bacteria, we extract an effective dispersivity length scale ζM using the relation DM
L =

DM
0 + ζM

L U where DM
0 = 210 μm2/s is the zero-flow diffusivity extracted from the experiments.

Note this value is three orders of magnitude larger than its equivalent for nonmotile bacteria.
Therefore in the experimental uncertainties, the value of ζM seems to be equivalent to ζNM [see
inset of Fig. 5(a)].
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FIG. 4. (a, b) Variation of the dimensionless quadratic displacement σ 2
x

d2 as a function of the normalized
time t∗ = U�t

d
for different average flow velocities respectively for motile (a) and nonmotile (b) E. coli. Solid

lines: adjustments by the function f (t∗) = α[βt∗ − (1 − e−βt∗ )]. Insets represent the dimensionless quadratic
displacement as a function of t∗2 for less than one pore size.

We also find that bacteria motility induces a significant enhancement of the transverse exploration
process. From a similar analysis as for longitudinal dispersion, we extract a transverse dispersion
coefficient DM

T of the motile bacteria (for the nonmotile ones, the effect is quite undetectable).
The values of DM

T are represented in Fig. 5(b), and the linear regression of the data yields DM
T =

DM
0 + ζM

T U with a dispersivity ζM
T = 1.5 ± 0.1 μm much smaller than the longitudinal one. This

transverse dispersion is yet another feature that distinguishes the transport of motile microorganisms
from nonmotile ones.

The transport characteristics obtained for motile and nonmotile bacteria reveal that motility has
two major effects that may seem contradictory and contraintuitive: (1) a retardation of the transport
for a large number of motile bacteria and at the same time and (2) a rapid downstream progression
of some others. To help understand these two antagonistic observations, we analyze in the following
the statistical properties of the trajectories from a more microscopic point of view in order to identify
some elementary mechanisms influencing the transport process.

013102-8



EFFECT OF MOTILITY ON THE TRANSPORT OF …

FIG. 5. (a) Longitudinal dispersion coefficient DL as a function of U for motile and nonmotile bacteria.

Inset: Dispersivity ζNM
L = DNM

L

U
and ζM

L = DM
L

−DM
0

U
as a function of U for nonmotile and motile bacteria,

respectively. The dotted line represents the constant function y = 50 μm. (b) Transverse dispersion coefficient
DT of motile bacteria. The solid line represents a linear regression of the data yielding ζM

T = 1.5 ± 0.1 μm.

D. Dynamical trapping

1. Staying in the grain vicinity

First, we study the influence of the motility on the presence of bacteria in the vicinity of the
pillar surfaces (the grains). The trajectories are divided into “fluid” and “grain” sections (see Fig. 6)
characterizing the presence of the microorganisms in these domains.

The “fluid” sections correspond to subparts of the trajectories where the distance bacteria/
obstacle is larger than δ = 1.5 μm while the “grain” sections correspond to the parts of the
trajectories for which the distance bacteria/obstacle is less than 1.5 μm. The average duration of the
“fluid” segments, τf , and “grain” segments, τg , are computed and averaged over all the trajectories.
The relative fractions of time, Psurf = τg

τf +τg
, for the motile bacteria and the nonmotile bacteria are

shown in Fig. 7(a). One observes a striking difference between the motile and the nonmotile bacteria.
For nonmotile bacteria, the average flow velocity U has no influence on Psurf , and its value

remains significantly lower than the value of the motile ones. The relative amount of time spent
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FIG. 6. Schematics of a bacterium trajectory and the corresponding parameters as defined in the text. τup

is the period of time spent with a negative vx , τg is the period of time spent on the grain vicinity, i.e., when the
distance bacteria/obstacle is smaller than δ = 1.5 μm, and τf is the period of time spent in the fluid when the
distance bacteria/obstacle is larger than δ = 1.5 μm.

around the obstacles is approximately four times greater for the motile bacteria than for the
nonmotile ones, and this effect seems to be more pronounced when flow velocities become
comparable to the bacteria velocity.

We also quantify κ , the frequency of encounters of the bacteria with the grain surfaces. Then
we compute the number of contacts divided by the track duration and average this quantity over
all tracks. In Fig. 7(b) we show the values of κ for motile and nonmotile bacteria. For nonmotile
bacteria this frequency remains constant over the whole range of fluid velocities but also remains
significantly lower than its counterpart for motile bacteria. The ratio can be as large as 5 when the
fluid velocities become comparable to the bacteria swimming velocity.

These sharp differences prove that motility promotes the flow of bacteria towards the obstacles
and at the same time increases the residence time of the swimmers at the surfaces.

2. Upstream motion

Upon careful observation of movies recorded at high magnification (see the Supplemental
Material at Ref. [41]) we see an impressive number of motile bacteria moving upstream (i.e., with a
negative velocity in the laboratory reference frame), while this behavior seems absent for nonmotile
bacteria. To quantify the upstream swimming, trajectories are segmented into periods during which
the bacteria move either downstream or upstream. The average durations of these portions of
trajectories, τup and τdown, are calculated. Figure 8 displays the relative time Pup = τup

τup+τdown
showing

a clear difference between the values measured for motile and nonmotile bacteria: the periods during
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FIG. 7. (a) Average time spent by the bacteria swimming in the vicinity of an obstacle τg normalized by
the total time τg + τf , where τf is the average time spent in the fluid as a function of U . (b) Mean number of
occurrences a bacterium gets in contact with an obstacle per unit of time τ = d/U .

which motile bacteria move upstream are very long, whereas for nonmotile ones the upstream
motion is almost absent.

This analysis clearly demonstrates that motility favors the flow of bacteria toward regions of
low velocity, most of the time close to the grains where they perform upstream motion. This
is a dynamical trapping effect that will contribute to a global transfer of motile bacteria at an
average velocity lower than the fluid velocity. This observation is a microscopic explanation of
the retardation effect reported previously for the dispersion curves.

FIG. 8. Average duration of the upstream displacement τup normalized by the total time τup + τdown, where
τdown is the average duration of the downstream (vx > 0) displacement as a function of U .
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FIG. 9. Overlap of two close trajectories of a motile (orange circles) and a nonmotile (blue squares) bacteria
with the local fluid velocity. The inset shows the speed of the bacteria vx as a function of the longitudinal
position x. Experiments are performed at U = 72 μm/s.

E. Rapid downstream migration

Let us come back now to the second observation concerning the rapid downstream progression of
some motile bacteria. A close look at the velocity field reveals the existence of channels connecting
the inlet and the outlet of the porous medium (within the visualization window) and along which the
fluid velocity is at least twice the average fluid velocity U (see Fig. 9). We called these channels the
“fast tracks.” The bacteria moving at a stream-wise velocity at least twice the mean flow velocity
will be called fast (or slow otherwise). To illustrate this “fast-track” mechanism enhancing the
transport of motile bacteria in the fastest channels, we overlay onto the velocity map two very
close trajectories, one for a motile bacterium and the other for a nonmotile one (see Fig. 9).

In the inset, the velocities along the streamwise coordinate are displayed. We see in this example
that the motile bacterium is always traveling faster than the nonmotile one. We also notice a
systematic increase in the velocity difference as they cross the pore constrictions. The flow in these
regions seems to align the bacteria along the flow direction, thus enhancing their mean transport
velocity. Interestingly, the effect of stabilization by constriction was also described and discussed
recently by Potomkin et al. [42].

In Fig. 10(a) we display the mean velocity of the fast bacteria Vfast as a function of the mean flow
U . Then it appears that the population of fast motile bacteria is transported at a velocity in average
higher than the population of fast nonmotile ones. We anticipate that the fast bacteria are essentially
transported along the “fast tracks.”

To further quantify this effect, each trajectory is split into “fast” and “slow” sections. The relative
duration of the “fast” segments Pfast = τfast

τfast+τslow
are displayed in Fig. 10(b) for both motile and

nonmotile bacteria and for all the flow velocities U studied. It is immediately noted that, except for
the lowest velocities, motile bacteria stay in the fast streams longer than the nonmotile bacteria.

IV. SUMMARY AND CONCLUSION

To conclude, we have shown that microbial motility has a significant impact on the average
transport and dispersion properties of bacterial suspensions flowing inside a porous medium.

By tracking swimming and nonswimming bacteria up to a transport scales of typically six
times the pore size, we identify a phenomenology contrasting sharply between the motile and the
nonmotile bacteria. For the nonmotile bacteria, one recovers the classical results of geometrical
hydrodynamic dispersion characterizing the transport of inert species inside a porous medium
[37,38]. This is essentially the phenomenology expected for dilute colloidal suspensions with no
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FIG. 10. (a) Speed of the fastest detected bacteria as a function of the mean flow velocity U . (b) Average
duration, τfast , of the sequences during which a bacteria is moving with a speed vx larger than twice the average
flow velocity, normalized by τfast + τslow, where τslow is the averaged duration of the sequences during which
vx < 2U .

adhesion on solid surfaces, provided a particle size smaller than the pore throat. In this case the
mean transport velocity is the mean flow velocity, and the longitudinal dispersion coefficient is
proportional to the flow velocity, with a dispersivity length scale congruent to a pore size.

However, for the active species the ability to swim across the flow lines and eventually to dwell
at surfaces or, opposite this, to take preferentially fast channels, changes drastically the distribution
of bacteria in the flow. The shape of the mean distribution of longitudinal displacements at a given
lag time is no longer a Gaussian distribution as for the nonmotile ones. In the streamwise direction,
the mode of the distribution comes before the mean, hence characterizing a retardation effect due
to the motile character of the bacteria. The curve is akin to a � distribution characterized by a
positive skewness and an upstream front decaying exponentially. Remarkably, this non-Gaussian
distribution seems to hold for mean transport distances significantly larger than the pore size. For
motile bacteria the mean transport velocity is systematically retarded with respect to the nonmotile
ones. This “dynamical trapping” effect as we describe it does not result from any chemical or
physical interaction often invoked to explain transport retardation, but essentially is borne in
the swimming activity of the bacteria spending a significant time close to the surfaces and also
swimming upstream. This is in stark contrast with the nonmotile species, which essentially follow
the flow lines. Opposite this, we also measured a contribution that could explain the exponential
forefront as the motile bacteria seem to take fast channels for a significantly long time and add up
their swimming contribution to the maximal flows. Interestingly, this “fast-track” effect identified
in the context of a model porous medium seems to be consistent with the observations of several
laboratory-scale columns and field experiments which reported the presence of early breakthroughs
of microorganisms [43–45]. Note that our dispersion measurements do not correspond to the
predictions made by Alonso-Matilla et al. [18], as in their case the dispersion process remains close
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to a Taylor-dispersion mechanism. In our case, we have something closer to a geometrical dispersion
process with a scaling for the diffusivity coefficient linear in the flow velocity (D ∼ Pe). Moreover,
the retardation mechanism we observe displays a negative skewness, whereas for Alonso-Matilla
et al. the retardation curve displays a positive one. Therefore from a theoretical standpoint, the issue
of dispersion of active particles in random porous media remains a challenging and open issue.

In spite of these marked differences between motile and nonmotile species, the scaling of the
mean longitudinal dispersion with the flow velocity are qualitatively similar (proportional to the
mean flow). Importantly, the motile bacteria display transverse dispersion, an effect which is almost
undetectable for the nonmotile one.

From these results emerges a new understanding on how the motility of many microorganisms
influences in depth the transport processes and the spatial distribution in natural environments such
as porous soils, fractured rocks, or even biological networks. We already foresee two important
practical implications. First, for bacterial communities transported in a flow, the active retention
effect leads to a thorough exploration of surfaces. This would influence strongly the chances for
adhesion or biofilm formation. Second, because motility favors an efficient longitudinal transport
for a subpopulation of swimmers, it will increase the volume explored by pioneering bacteria with
important implications for the development of forefront contamination and colonization.

Remarkably, in the last years, active matter studies have brought to the forefront many
paradigmatic shifts in the understanding of the out-of-equilibrium organization of motile bacterial
suspensions [46]. In this context, standard notions such as the equations of state [47], phase
transitions [48,49], Brownian or Fickean diffusion [50,51], or the rheological response [52–56]
had to be deeply revisited to account for the crucial importance of motility. Consequently, transport,
dispersion, or filtration of motile microorganisms in porous media is likely to yield results that differ
qualitatively from those of passive colloids.

These effects are unique transport properties in addition to the many singular features already
identified for active matter. But it is also interesting to realize that they impact positively the natural
ability of bacterial populations to survive, grow, and reach their ecological niche.
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