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ABSTRACT
Algal biofilms, ubiquitous in aquatic systems, reduce the performance of engineered systems
and alter ecosystem processes. Biofilm morphology is dynamic throughout community develop-
ment, with patchiness occurring due to periodic sloughing, but little is known about how com-
munity level physical structure affects hydrodynamics. This study uses high resolution particle
image velocimetry (PIV) to examine spatially explicit turbulence over sparse, uniform and patchy
biofilm at turbulent Reynolds numbers. All biofilms increase the near-bed turbulence production,
Reynolds shear stress, and rotational flow compared to a smooth wall, and non-uniform biofilms
have the greatest increase in these parameters, compared with a uniform or sparse biofilm.
However, a higher drag coefficient over uniform biofilm compared with non-uniform biofilm
indicates that percent coverage (the amount of area covered by the biofilm) is a useful predictor
of a biofilm’s relative effect on the total drag along surfaces, and in particular the effect on ship
performance.
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Introduction

Biofilms are aggregates of bacterial and algal cells that
form a thin layer on most aquatic surfaces, including
natural surfaces such as streambeds and coral reefs, as
well as engineered surfaces such as ship hulls and
pipes. In habitats such as streams and intertidal mud-
flats, biofilms are considered ecosystem engineers
because they alter nutrient cycling and sediment sta-
bility (Decho 2000; Battin et al. 2003). On corals, algal
biofilm growth can be detrimental to the reef commu-
nity, damping flow velocity at the coral surface, inhib-
iting nutrient exchange, and effectively smothering
the coral (Stocking et al. 2016). On Naval and other
ocean-going vessels, biofilms dominated by diatoms
and bacteria are the most common biofouling com-
munity (Hunsucker et al. 2014; Schultz et al. 2015),
and substantially increase powering costs by increas-
ing the frictional resistance of the ship surface
(Schultz et al. 2011; Hunsucker et al. 2018). In add-
ition to the economic costs associated with biofilm
fouling, there is a concomitant increase in greenhouse

gas emissions during shipping and Naval activities
(Swain 2010). This increased skin friction due to bio-
film fouling can also impact other engineered systems,
such as by decreasing the capacity of hydroelectric
canals (Andrewartha et al. 2010).

Biofilms are also important to fouling community
development, as biofilm fouled surfaces are more
likely to be colonized by other fouling organisms than
non-biofilm-fouled surfaces (Dobretsov and Rittschof
2020). This can mean that biofilm growth conditions
the surface for further attachment of hard fouling
organisms, such as barnacles, that have an even
greater drag penalty on a ship. Larvae of some fouling
species may be induced to settle by hydrodynamic
cues related to roughness (Fuchs et al. 2007), or by
chemical cues released by the biofilm (Hadfield and
Paul 2001). Turbulence is critical to larval settlement,
both for delivery of larvae to the bed (Eckman 1990;
Hata et al. 2017), as well as by triggering sinking
behavior when larvae recognize the hydrodynamic
cues of a favorable settlement location (Koehl 2007).
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Therefore, the ways in which biofilms alter boundary
layer turbulence may be important in regulating the
development of the fouling community as a whole.

The physical structure of biofilms is dynamic and
governed in large part by local hydrodynamics, espe-
cially the wall shear stress (Zargiel and Swain 2014). For
example, the species composition and physical structure
of biofilms on a ship hull varies along the length, due
to changes in the local shear stress (Hunsucker et al.
2014), and stream biofilms grown under varying friction
velocities vary in community and physical structure, and
in their resistance to sloughing (Graba et al. 2013).
During the growth of a biofilm under unidirectional
shear, highly flexible, viscoelastic protrusions on the bio-
film surface form as chains of diatoms and clump
together into macroscopic streamers (Celler et al. 2014).
Streamers may serve to streamline the biofilm and
reduce hydrodynamic stresses on it, as well as increasing
nutrient access by disrupting the diffusive boundary
layer (Taherzadeh et al. 2012).

Development of the biofilm community depends
on both the initial settlement of microbial cells and
subsequent growth of the community, and on the
detachment of biofilm, often due to sloughing events
(Graba et al. 2014; Van Mooy et al. 2014). Sloughing
of the biofilm, a result of shear stress, results in bio-
film patchiness (Stoodley et al. 1999), and in some
systems such as streams, occurs on a periodic basis
(Graba et al. 2014). Ship hulls coated in fouling
release paints are designed to facilitate sloughing,
which can result in sparse or patchy biofilm fouling
as ships are underway (Schultz et al. 2015). Sloughing
off and erosion of biofilms can also be a dispersal
mechanism for biofilm associated microorganisms
(Van Mooy et al. 2014).

Biofilms appear to alter boundary layer hydro-
dynamics in ways that are similar to rigid roughness
(Walker et al. 2013; Murphy et al. 2018). When
roughness is added to a surface, the frictional drag is
increased along with near-bed turbulent kinetic
energy (tke) and Reynolds shear stresses (RSS) (Grass
1971; Mignot et al. 2009; Reidenbach et al. 2010). The
effect of roughness on a flow depends both on the
physical properties of the roughness (such as the
spacing and flexibility of roughness elements), as well
as the hydrodynamics of the flow (Snyder and Castro
2002). At lower Reynolds numbers, the increase in
skin friction as a result of surface roughness is due to
the form drag of the roughness elements as well as
shear stress in the viscous sublayer. As the Reynolds
number increases, the skin friction becomes less
dependent on viscous interactions at the surface, and

ultimately the skin friction becomes independent of
the Reynolds number of the flow. Once this Reynolds
number independence is reached for a given rough
surface, the flow is considered to be in the fully rough
regime (Flack and Schultz 2014). This phenomenon,
well studied over rigid roughness, has also been
observed over biofilm fouling that consists of more
flexible roughness (Schultz et al. 2015). The overall
structure of the mean streamwise velocity (U) profile
over uniform biofilm is also similar to that seen over
rigid roughness (Murphy et al. 2018).

Momentum extracted from the flow predictably
shifts the mean velocity profile within the fluid
boundary layer, i.e. the average velocity at a given
point in the wall-normal direction is less over a rough
wall than over a smooth wall (Krogstadt and Antonia
1999). However, in many instances, biofilms create an
even larger increase in the momentum deficit and
drag than would be expected from rigid roughness,
with the drag dependent on the flow speed, percent
cover of the biofilm, and biofilm thickness
(Hartenberger et al. 2020). This is likely due to the
compliance of the biofilm as well as the streamers
that form on the biofilm surface (Schultz and Swain
1999; Walker et al. 2013). Additionally, biofilms can
increase the strength of turbulent sweeps and ejec-
tions, similar to what is seen over other types of
aquatic vegetation like seagrass (Hansen and
Reidenbach 2012), indicating that in some scenarios,
biofilms may enhance vertical transport between the
bed and water column. Even over relatively uniform
biofilm, turbulence data show a high degree of spatial
heterogeneity, with hotspots of tke production and
dispersive stresses at the bed (Murphy et al. 2018).
While previous research offers a baseline understand-
ing of spatially integrated flow dynamics over bio-
films, or only examines uniform biofilms (Schultz
2000; Walker et al. 2013; Schultz et al. 2015; Murphy
et al. 2018), real-world biofilm fouling is often patchy
during development of the fouling community or due
to being sloughed off under shear (Stoodley et al.
1998; Schultz 2000; Schultz et al. 2003), and spatially
explicit data are needed to understand the mecha-
nisms behind biofilm effects on surface bounded
flows. This is because biofilm patchiness is likely to
influence local hydrodynamics, leading to feedbacks
between biofilm morphology, fluid forces on the bio-
film, and additional morphology changes due to
sloughing (Telgmann et al. 2004). Because biofilms
also provide a base aquatic surface on top of which
additional settlement of fouling organisms occurs,
patchiness effects on boundary layer hydrodynamics

2 E. A. K. MURPHY ET AL.



may have implications for the development of fouling
communities due to hydrodynamic or chemical cues
(Hadfield and Paul 2001; Koehl 2006; Koehl
et al. 2022).

While classic rough wall boundary layers shift the
velocity profile in a somewhat predictable way, nat-
ural systems often have larger roughness elements,
such as gravel or vegetation, which produce a plane
mixing layer (or shear layer) near the crest of the
roughness elements. This mixing layer results in an S-
shaped velocity profile, i.e. the streamwise velocity has
an inflection point in the near-bed region called the
roughness sublayer (Mignot et al. 2009). Above the
roughness sublayer, canopy flows exhibit a logarith-
mic layer, which is used in the determination of the
friction velocity (Mignot et al. 2009). In a mixing
layer, the Reynolds shear stress (RSS) also peaks in
the shear layer near the top of the canopy or rough-
ness elements (Raupach et al. 1996), and turbulence
production is also enhanced in the shear layer as well
as in the wake region behind vegetation or roughness
elements (Raupach and Shaw 1982). Canopy-type
flows alter the hydrodynamics of a system and can
also have implications for transport of solutes or par-
ticles, and it is unknown if patchy biofilms can set up
a similar type of flow pattern.

Due to the importance of biofilm boundary layer
hydrodynamics to ship performance, as well as biofoul-
ing community structure and ecological processes, we
compare spatially explicit turbulence structure over
patchy biofilm with previously reported measurements
over a uniform biofilm and a smooth wall. Here, bio-
films were grown under dynamic conditions to achieve a
more realistic morphology than biofilm grown under
stagnant or slow flow conditions. Particle Image
Velocimetry (PIV) was then used to examine the bound-
ary layer over biofilm fouled plates in turbulent flow.
The current study builds off of the results presented in
Murphy et al. (2018), where the boundary layer over a
uniform biofilm under turbulent flow was compared to
that over a smooth wall. Detailed flow field analysis is
presented of the turbulent boundary layer over patchy
biofilms at moderate Reynolds number. Both the spa-
tially integrated hydrodynamics, such as skin friction, as
well as spatially discrete hydrodynamics such as the
response of local velocity profiles to biofilm topography,
are investigated. Analysis of the turbulence structure and
the mean velocity profile was guided by the follow-
ing questions:

1. How does the drag coefficient on a biofilm fouled
surface depend on biofilm morphology?

2. What is the local variability of bed shear stress
and turbulence over non-uniform biofilms?

3. Does patchiness alter how biofilms impact coher-
ent turbulent motions in wall bounded flow?

Materials and methods

Biofilms

Biofilms were grown from a culture of four genera
of diatoms (Amphora, Achnanthes, Entomoneis and
Navicula spp.) collected from fouled plates exposed
in the Indian River Lagoon, FL. These diatoms com-
monly make up slime fouling on ship hulls and
other surfaces (Zargiel et al. 2011; Schultz et al.
2015). Brackish (18 ppt) diatom cultures were main-
tained in a dynamic slime exposure facility at the
United States Naval Academy (USNA). The dynamic
slime exposure facility, described in detail in Schultz
et al. 2015 is a 450 gallon tank with large (0.20m x
1.52m) acrylic plates screwed onto a frame attached
to a 61 cm diameter rotating drum (60 rpm; periph-
eral velocity 1.9m s�1), so that the plates were fully
submerged during rotation. This allowed the biofilm
fouling on the plates to occur under shear stress.
Because of the length of the plates, rotation occurred
in the spanwise direction, meaning that the shear
stress was perpendicular to the streamwise direction.
Due to the nature of the biofilm growth facility, the
shear stress acting on the biofilm as it grows was not
measured, however, the peripheral velocity of the
biofilm plates is comparable to the freestream vel-
ocity (Ue) in the flow tunnel during testing (1.3m
s�1). For this study, it seems reasonable to have dif-
ferences between the flow conditions under which
the biofilms were grown and under which they were
tested, because biofilms are often found in variable
flow environments. For example, ships may be in
port for long periods under tidally-driven flows, and
streams and rivers exhibit seasonal changes
in hydrology.

Biofilms were grown under grow lights on an 18-
hour light, 6-hour dark cycle and were fed once
weekly with a modified Guillard’s F/2 fertilizer with
silicate (Florida Aqua Farms, FL), a standard fertilizer
used in aquaculture. The four fouled plates used in
this study were exposed to the biofilm culture for
approximately 10weeks. All plates had thick (approxi-
mately 1.7mm), uniform biofilm fouling (Figure 1A),
with streamers on the order of 1mm in length, after
the 10-week exposure. Patchy (Figure 1B) and sparse
(Figure 1C and D) biofilm fouling was achieved by
spraying 3 of the fouled plates with a hose and
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allowing the biofilm to naturally slough off. Particle
Image Velocimetry (PIV) was used to quantify the 2-
dimensional flow over three fouled plates, one plate
with patchy and two with sparse biofilm coverage.
These data are compared to data from a uniformly
fouled plate and a smooth plate that was previously
published (Murphy et al. 2018). The flow field over
the patchy plate was quantified, using PIV, at two dif-
ferent locations in the spanwise direction but the
same streamwise location, in order to quantify the
semi-local variability of the flow structure. Therefore,
a total of 5 biofilm flow fields are compared here: two
flow fields over two different sparse biofilm plates,
two flow fields over one patchy biofilm plate, and one
over a uniform biofilm, taken from Murphy et al.
2018. The percent cover and biofilm thickness were
determined by measuring the thickness of wet, but
air-exposed, biofilm using a wet film thickness paint
gage (Model #WF-S; Paul N. Gardner Co., Inc.,
Pompano Beach, FL, USA). This is a standard method
for measuring the thickness of paint and other
organic coatings and is readable to ±13 microns.
Biofilm thickness was measured at 33 locations (3
across the plate and 11 along the plate) in a grid with
measurements taken every 5 cm in the spanwise direc-
tion and every 13 cm in the lengthwise direction,
starting 13 cm from the downstream edge, on each
biofilm surface (Schultz et al. 2015). Presence/absence
of biofilm at each thickness measurement location
was used to estimate the percent cover. Note that a

thickness measurement was only taken if biofilm was
present. The peak-to-trough distances were measured
using a photograph taken by the camera used for PIV
while the biofilm was submerged and exposed to the
same moderate Reynolds number test flow as during
PIV measurements. The high and low points of each
peak and trough of the biofilm in the image was
selected by hand, and the vertical distance between
adjacent peaks and troughs was calculated. The
images used to quantify the biofilm topography (one
image per set of PIV measurement) had between 76
and 83 pixels per mm, and this allowed for determin-
ation of sub-millimeter scale biofilm topography. The
mean and maximum peak-to-trough distances are a
local measurement of the biofilm roughness measured
under flow conditions, giving a better estimate of the
roughness acting on the flow. The patchy plate had
88% biofilm coverage, and the two sparse plates had
55% coverage and 85% coverage. The thickness of the
patchy and uniform biofilm were both 1.7mm,
because the sloughing simply removed chunks of bio-
film, whereas the thickness of the sparse biofilms was
less (0.2 and 0.6mm). The sparse vs patchy biofilm
distinction is arbitrary, as biofilm characteristics are a
continuum, and was based on the mean thickness of
the biofilm. The local roughness values were higher
for the patchy biofilm (mean peak-to-trough distance
of 0.9 and 0.7mm) than the uniform biofilm (mean
peak-to-trough distance 0.5mm) and the sparse bio-
film (mean peak-to-trough distance of 0.3 and

Figure 1. Representative subsection of (A) the uniform biofilm plate (UB); (B) the patchy biofilm (PB-1 and PB-2); (C) sparse bio-
film plate SB-1; (D) sparse biofilm plate SB-2.

4 E. A. K. MURPHY ET AL.



0.8mm for the two sparse plates). Biofilm characteris-
tics are summarized in Table 1.

Particle image velocimetry

Velocity measurements were made in a recirculating
tunnel facility housed in the US Naval Academy
Hydromechanics Laboratory (Volino et al. 2007;
Womack et al. 2022). The removeable test plates, on
which the biofilm is grown, were placed in the flow
tunnel and formed the bottom wall of the test section.
The top wall is height adjustable along the length of
the test section and allowed for zero pressure gradient
flow. The test section is nominally 0.1m in depth and
0.2m across, and 2.0m long. Water was pumped
through flow conditioning devices (consisting of a dif-
fuser, honeycomb, mesh screens and a three-dimen-
sional contraction) prior to entering the test section,
such that the free-stream turbulence in the test sec-
tion was less than 0.5% (Volino et al. 2007), where
the free-stream turbulence is quantified as the ratio of
the root-mean-square velocity (urms) to the free-
stream velocity (Ue).

High resolution particle image velocimetry (PIV)
was used to make detailed measurements of the flow
in the streamwise-wall-normal x � yð Þ plane over bio-
film fouled acrylic plates in the recirculating turbulent
tunnel facility. A commercial 2-D PIV system was
used, consisting of a 29-megapixel CCD camera (TSI,
Shoreview, MN, USA) coupled to a double pulse laser
(Quantel). The PIV system and post-processing (per-
formed using Insight 4G version 11, TSI) are
described in detail in Volino et al. (2007) and
Murphy et al. (2018). 2-D PIV is a standard flow
measurement technique wherein the flow was seeded
with small, reflective, neutrally buoyant particles
(here, 2 mm silver coated glass spheres) and illumi-
nated by a thin plane of laser light. Particles were illu-
minated in successive image pairs, taken 250 ms apart,
and a recursive cross-correlation technique was used
to find the velocity vectors based on statistically likely
particle movement between the two frames in succes-
sively smaller interrogation windows. The final pass

was 322 pixels with 50% overlap, satisfying the
Nyquist sampling criterion. The field of view and grid
resolution of the velocity fields are given in Table 1.
The combination of the high-resolution camera and
small window size at the final pass of PIV processing
allowed us to achieve high spatial resolution velocity
measurements throughout the boundary layer. The
low reflectance of the biofilm permitted good PIV
data even very near the bed, and care was taken to
minimize optical obstruction. Flapping streamers were
masked out of the analysis field during processing, so
flow immediately around streamers (which were on
the order of 1� 2mm in length) was not included in
our analysis.

Each time-averaged velocity field was composed of
4000 statistically independent velocity fields. Statistical
independence of each instantaneous velocity field was
ensured by using a low (1Hz) sampling frequency.
Smooth wall data from Murphy et al. (2018) are also
presented for comparison. These data were taken over
a non-fouled acrylic plate in the same facility as the
biofilm data, using the same PIV system described
above. The smooth wall PIV data was taken under very
similar hydraulic conditions to the biofilm data (Table
1). This data was taken prior to the biofilm sampling
campaign and is also reported in Murphy et al. (2018).

The freestream velocity (Ue), taken as the value of
the time-averaged streamwise velocity, U, at the wall-
normal distance, y, where dU=dy � 0, was 1.3m s�1

for all tests (1.1m s�1 for the previously reported uni-
form biofilm test plate). The boundary layer thickness
(d; calculated by finding the point where U ¼ 0:99Ue)
was between 24.5 and 33.8mm, depending on the bio-
film. Flow parameters for each biofilm as well as the
smooth wall tests are given in Table 2. All measure-
ments were taken �1.22m downstream of the boundary
layer trip (1.1m from the upstream edge of the fouled
plate). Given d ¼ 33.8mm for the thickest boundary
layer in our tests, and assuming that a rough wall
boundary layer is fully developed 20d from the onset of
the roughness (Antonia and Luxton 1971), the measure-
ment location should ensure adequate development of
the turbulent boundary layer.

Table 1. Biofilm characteristics and PIV parameters.

Biofilm thickness
Mean (mm)

Biofilm
coverage (%)

Mean peak-to-
trough dist. (mm)

Max peak-to-
trough dist. (mm)

Velocity vector
spatial

resolution (lm)

Field-of-view size
width (mm) �
height (mm)

Smooth wall (SW) – – – – 144 78.2 � 51.5
Sparse biofilm 1 (SB-1) 0.2 55 0.3 0.4 191 78:0� 52:1
Sparse biofilm 2 (SB-2) 0.6 85 0.8 2.3 210 85:8� 57:3
Patchy biofilm 1 (PB-1) 1.7 88 0.9 2.0 205 83:7� 53:6
Patchy biofilm 2 (PB-2) 1.7 88 0.7 1.4 201 82:1� 51:2
Uniform biofilm (UB) 1.7 100 0.5 0.9 176 72:2� 42:0
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Averaging approach

Well above the bed, a fully developed rough wall
boundary layer is spatially homogenous. However,
near the bed this is no longer the case. The roughness
sublayer is the thin layer of fluid encompassing the
roughness elements and a small amount of fluid
above them, where the temporally averaged flow
exhibits spatial heterogeneity due to the roughness.
The roughness sublayer typically extends to between
about 1.5 to 2 or even 5 times the height of the
roughness elements (Raupach et al. 1996; Flack et al.
2007; Florens et al. 2013). This study leveraged the
high spatial resolution (176 to 210 lm in the stream-
wise direction; Table 1) of the PIV measurements and
used spatial and temporal averaging to examine the
turbulence structure of the flow both locally and as
integrated over the streamwise length of the PIV win-
dow, which ranged from 72.2mm to 85.8mm
(Raupach and Shaw 1982; Pokrajac et al. 2007;
Martino et al. 2012; Kevin et al. 2017). First, each dis-
crete velocity measurement (here either the stream-
wise (u) or wall-normal (v) component) is averaged
over the 4000 time points sampled. Just as Reynolds
decomposition separates instantaneous velocity meas-
urements into mean (U) and fluctuating (u’) compo-
nents, a time-averaged flow quantity can be
decomposed into its time-and-space-averaged (or
double-averaged) and spatially fluctuating (�u) com-
ponents (Mignot et al. 2009). For the spatial average,
the intrinsic average is used, where the summed
velocities at a given height above the bed are divided
by the area occupied by the fluid at that height, omit-
ting the area occupied by the roughness elements
(Nikora et al. 2007). In the following, an overbar is
used to denote time averaging, and angled brackets
are used to denote spatial averaging.

Friction velocity determination

In the log-law region of the boundary layer over a
rough surface, the velocity profile in inner units
(where the terms are normalized by the friction

velocity, Us, or the ratio of the kinematic viscosity to
the friction velocity, m

Us
) is described in the log-law

form by

Uþ � U
Us

¼ 1
j
lnðyþ eÞþ þ C � DUþ (1)

where U is the mean (time-averaged or double-aver-
aged) streamwise velocity, e is the wall datum offset
(here normalized by the inner units m

Us
, as is y) and

DUþ is the roughness function. Both C (the smooth-
wall log-law intercept) and j (the von K�arm�an con-
stant) are empirically derived universal constants,
here set to 5 and 0.41, respectively. The friction vel-
ocity, which is directly related to the bed shear stress
(sw), is an important parameter when considering the
effects of roughness on a turbulent boundary layer,
but it is notoriously tricky to accurately determine
from velocity profiles for rough walls due to the three
unknown variables in Equation 1 (Us, e and DUþ).
Both local and integrated friction velocities were cal-
culated for each biofilm. The local friction velocity
(i.e. the friction velocity over a very small streamwise
distance-the width of the final pass PIV interrogation
window) was calculated using a velocity profile at a
discrete streamwise location, and the integrated fric-
tion velocity was calculated using the double-averaged
velocity, and better represents the overall friction vel-
ocity of the surface. To calculate the integrated fric-
tion velocity, Us, for the biofilm boundary layers, as
well as e and DUþ, the double-averaged velocity pro-
file was analyzed using a relatively new method, com-
prehensive shear stress analysis (CSS), devised by
Womack et al. (2019). Briefly, this method uses an
iterative procedure to fit the measured mean stream-
wise velocity profile and RSS profile to two sets of
equations. First, Us is estimated by fitting the RSS
profile to an extended momentum balance equation
(Volino and Schultz 2018) in the region 0:15 < y�e

d�e <

0:30: Then, using the estimated Us, e and DUþ are
found by fitting the mean streamwise velocity in the
log-law region (0:07 < y�e

d�e < 0:15) to Equation 1.
This process is repeated until the three unknown
terms converge. The origin of the y axis is initially set

Table 2. Flow parameters of the biofilm-fouled plates, including the uniform biofilm and smooth wall data from Murphy
et al. (2018).

Ue (m s-1) d (mm) Res ¼ dþ ¼ dUs
m �103

Us (m s-1)
CSS

Us (m s-1)
total stress DUþ kþs ks (mm) Cf�10-3 e (mm)

Smooth wall (SW) 1.3 33.6 1.5 0.042 0.041 – – – 2.3 0
Sparse biofilm 1 (SB-1) 1.3 25 1.4 0.050 0.049 0.3 5� 0.1� 3.1 0.1
Sparse biofilm 2 (SB-2) 1.3 24.5 1.8 0.067 0.071 7.0 74� 1.0� 5.5 0.8
Patchy biofilm 1 (PB-1) 1.3 33.8 2.8 0.078 0.077 11.3 438 5.2 7.0 0.9
Patchy biofilm 2 (PB-2) 1.3 33.8 2.8 0.079 0.077 10.6 322 3.8 7.0 1.1
Uniform biofilm (UB) 1.1 28.2 2.2 0.071 0.070 11.8 539 6.9 7.9 1.3

dþ is the friction Reynold number. �Indicates that these surfaces are likely not in the fully-rough regime, and therefore values for ks may not be valid.
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at the maximum height of the biofilm, and is then
shifted downward with the addition of the e term.
The local friction velocities were also calculated by
applying the CSS method to local velocity profiles. In
the following analysis, biofilm shear velocities are
compared with smooth wall shear velocity. The shear
velocity for the smooth wall used in this comparison
is from the PIV data, and was calculated using the
CSS method. To further validate the values of Us

used here, Us is additionally calculated from the dou-
ble-averaged streamwise velocity and RSS profiles,
using the total stress method, where Us ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m oU

oy � < u0v0 >
q

at the plateau of the RSS profile in

the overlap region of the boundary layer (Schultz and
Flack 2007). These results, presented in Table 2, show
excellent agreement with the values of Us calculated
from the CSS method. Because the total stress method
often under-estimates values of Us, this agreement
may mean that our results here underestimate Us:

Results and discussion

Velocity and turbulence structure

Previous work has shown that flow over a fairly uni-
form biofilm exhibits classic log-law behavior
(Murphy et al. 2018). Visual inspection of local U
and RSS (RSS ¼ �u0v0) profiles suggest that patchy
biofilms can create localized plane mixing layers,
similar to what is seen behind gravel or cobbles.
Figure 2 presents selected local streamwise velocity
profiles (U) and local RSS profiles, both normalized
in outer units, over the biofilms, chosen to highlight
the flow shape over different topographical features
(peaks, troughs, and plateaus). While the sparse bio-
films studied here also show standard log-law behav-
ior, the patchy biofilms appear to create a mixing
layer effect downstream of prominent clumps of bio-
film (regions of abrupt local changes in biofilm top-
ography in the streamwise direction). Local RSS
profiles over the patchy biofilms also show a peak in
RSS due to high shear (dU=dy) near the top of the
biofilm clumps, which is also indicative of a plane
mixing layer (Raupach et al. 1996). While there is
some pressure-driven recirculation in the wake of bio-
film clumps, in this high submergence scenario (H-h
� h where H is the height of the flow tunnel
(100mm) and h is the maximum height of a biofilm
roughness element (2.3mm) turbulent stress is likely
to dominate. While the overall pressure gradient in
the flow tunnel was zero, an estimate of the relative
contributions of turbulent stress and pressure driven

flow in the wake region immediately downstream of a
roughness element can be calculated. Given that the
turbulent stress gradient below the crest of the
(Womack et al., 2019) roughness elements is linear,

i.e. ou0v0
oy � ¼ u0v0 jh

h , and above the roughness ele-

ments, u0v0 jh ¼ g oH
ox ðH � hÞ, where g is the acceler-

ation due to gravity, the local ratio of turbulent stress
to pressure driven flow can be estimated as the fol-
lowing (Nepf and Vivoni 2000; Reidenbach et al.
2010):

turbulent stress
pressure

¼ ou0v0=oy
goH=ox

� ¼H
h
� 1 (2)

For the maximum peak-to-trough distance of our
patchy biofilm, the turbulent stress to pressure ratio is
100/2.3� 1¼ 43, suggesting that pressure-driven flow
dynamics play only a small role around the biofilm.

It is worth noting that even though the local biofilm
topography for the uniform coverage case (Figure 2A)
is quite complex, the overall mean velocity and RSS
profile behavior is strikingly more homogeneous than
the patchy (PB-1 & PB-2) and SB-1 cases (Figure 2B,
C and E), which are highly variable in the inner and
overlap regions. The tke, not shown, similarly exhibits
high spatial variability in the inner and overlap regions,
with a similar spatial pattern to the RSS. The spatial
variability of RSS (and tke), is most pronounced over
the patchy biofilms and SB-2 biofilm. These results also
show that the RSS is elevated over all of the biofilms
compared with the sparsest (SB-1), when normalized
by the freestream velocity.

The near-bed regions of the labeled velocity profiles
are plotted in Figure 2E to highlight the shape of the
inversion of the streamwise velocity. The streamwise
velocity and RSS behavior over the patchy biofilms is
similar to what is seen in canopy flows (Raupach et al.
1996) and behind large protuberances in a gravel bed
(Mignot et al. 2009; Reidenbach et al. 2010). These S-
shaped velocity profiles indicate areas where there are
large, localized contributions to tke fluxes, production,
and dissipation (Mignot et al. 2009), likely meaning
that biofilm patchiness has an outsized effect on
boundary layer turbulence. The penetration depth of
vortices below the crest height of the biofilm roughness
(but not within the biofilm matrix itself, as visual
access to flow was lacked) was calculated, measured as
the depth where the local turbulent stress declines to
10% of its maximum value (Nepf and Vivoni 2000).
All biofilms showed momentum exchange all the way
to the bed in locations where the bed is exposed and
free of biofilm, or to the lowest point of the biofilm
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Figure 2. To illustrate the two different shapes of the streamwise velocity ð UUeÞ and Reynolds shear stress profiles ðRSS ¼ � �u’v’
Ue2

Þ
seen over the biofilms, selected local velocity profiles (blue solid lines) and RSS profiles (red dashed lines) are shown. The profiles
are plotted with the vertical distance over the bed on the y-axis (normalized by the boundary layer thickness, d). To illustrate
how the shape of the velocity and RSS profiles changes with location over the biofilm, the solid black line shows the biofilm top-
ography and each profile is shifted along the x-axis. Therefore, each profile has its own origin point, and the base of each profile
is anchored to the x axis location at which it was taken. However, the distance from the origin of each profile that corresponds
to a given U

Ue
or � �u’v’

Ue2
value remains the same for each profile and is consistent across all plots, and is shown in the scale bars

under panel A. Selected velocity profiles that demonstrate log-like behavior and S-shaped behavior are marked, and the near-bed
regions of these profiles are shown in panel E. Panel E depicts a compilation of U

Ue
profiles from different biofilm surfaces, there-

fore the height of the biofilm is not the same for every profile. However, the profiles all start directly at the biofilm, so the height
of the biofilm at the location of the profile is at the base of the profile. Note that for better comparison with existing literature
on mixing layers, units here have been normalized in outer units.
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surface where the bed is covered. This indicates that
vertical momentum transport dominates over pressure-
driven wake flows behind biofilm clumps. Where the
biofilm covers the bed, measuring the water velocity
within the biofilm layer was not possible. However,
previous research shows that algal biofilms (which have
a higher permeability than solely bacterial biofilms)
behave like a porous media, with low velocity, pres-
sure-driven flow in the channels within the biofilm
matrix (de Beer and K€uhl 2001; Depetris et al. 2022).
Therefore, sloughing of the biofilm to create greater
patchiness may be especially consequential for vertical
turbulent transport of nutrients and metabolites to and
from lower layers of the biofilm.

Roughness effects

In the few studies that have addressed the effects of
biofilms on, e.g. ship performance or hydroelectric
canal efficiency, biofilms are considered as added
roughness to the surface (Schultz and Swain 1999;
Schultz 2000; Andrewartha et al. 2010; Walker et al.
2013; 2014; Hunsucker et al. 2016). This is because,
from an engineered systems perspective, the most
important consequence of the biofilm fouling is its
effect on the surface drag of an object.

Our results show that, hydrodynamically, biofilms
add roughness to the surface, resulting in a downward
shift of the streamwise velocity profile compared with
flow over a smooth wall (Figure 3A) for all tests,
though it is minimal for the sparse biofilm plate SB-1.
This sparse plate had low coverage, low biofilm thick-
ness, and flow data was taken in an area with low
local biofilm roughness (Table 1; Figure 1C). Previous
work has shown that biofilm roughness effects depend
on both biofilm thickness and coverage, and at the
moderate Reynolds number flow used in the current
study, the sparse biofilm test cases are likely to be in
the transitionally rough regime, as seen for low per-
cent-coverage biofilms in Schultz et al. (2015). Note
that the data here are plotted with the vertical dimen-
sion (y) on the horizontal axis, and normalized using
inner units, for better comparison with other rough
wall analyses. The origin of the y axis for each profile
is determined by the wall datum offset, e, values of
which are given in Table 2. The values of e calculated
for each biofilm result in a y axis origin located
between the bed and the top of the biofilm. For all
except the uniform biofilm, the best fit result for e
gives a y axis origin in between the peaks and troughs
of the surface of the biofilm. For the uniform biofilm,
the best solution gives a value below the surface of

the biofilm, but above the bed. This is physically rea-
sonable as the biofilm is permeable. As noted in
Womack et al. (2019), Us and DUþ calculated using
the CSS method do not show strong dependence on
the wall datum offset value, nor on the range of the
profile used to fit the log-law.

Plotted in velocity defect form (Figure 3B), reason-
ably good collapse of the mean velocity profiles is
shown. This lack of perfect collapse may indicate that
there is some competition between the smooth and
rough regions evident in the mean velocity profile
averaged over the surface. Integrated over the surface,
friction and pressure drag from the bed shear stress
and the pressure distribution, respectively, make up
the total shear stress, s (Leonardi et al. 2007). The
double-averaged Reynolds stresses ( u02þh i,
� u0v0þh i, v02þh i), normalized by U2

s , also show a
lack of outer layer similarity (Figure 3C, D and E).
Smooth-wall streamwise Reynolds stress ( u02þh i)
classically exhibits a peak adjacent to the wall, where
viscous forces become appreciable and low-speed lon-
gitudinal streaks populate the boundary layer. This is
not seen over the patchy and uniform biofilms
(Figure 3C), indicating that these biofilms are
hydraulically rough (Ligrani and Moffat 1986). Hence,
for these surfaces, it would be expected that the
roughness of the biofilm is larger than the viscous
sublayer and the pressure (form) drag dominates over
the viscous stress, destroying the low-speed streaks.
The sparse surfaces appear to have a near-wall peak,
indicating that these fouled surfaces are not in the
fully rough regime (Brzek et al. 2007). For the
hydraulically rough biofilms, the broad peak between
about u02þh i ffi 3 and u02þh i ffi 4 is similar in shape
and magnitude to that seen in other studies looking
at freshwater and marine biofilms (Schultz and Swain
1999; Walker et al. 2013). The RSS profiles over the
patchy and uniform biofilms (PB-1, PB-2 and UB)
have the peak shifted away from the wall as compared
with the sparse biofilms and the smooth wall, with
PB-1 exhibiting a broad plateau region. This upward
(away from the wall) shift in the location of the RSS
peak indicates a relative increase in the friction due to
drag relative to viscous forces.

Figure 3F, G and H presents the double-averaged
dispersive stress profiles over each biofilm. The dis-
persive stresses are the products of the fluctuating
components of the time-averaged streamwise and
wall-normal velocities, �u�uh i, �u�vh i, and
�v�vh i (Figure 3F, G and H). Dispersive stresses
arise from the form-induced wake resulting from
roughness topography (Yuan and Piomelli 2014). The
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Figure 3. Double-averaged mean streamwise velocity profiles (A & B), Reynolds stress profiles (C, D & E), and dispersive stress
profiles (F, G & H) over each biofilm. U is plotted in inner units (A), where U is normalized by Us and y is normalized by m

Us
, and

in velocity defect form (B). The double-averaged Reynolds stress and dispersive stress profiles are plotted in inner units. The
smooth wall case (red line) is given for comparison for the Reynolds stresses, but is negligible and not shown for the disper-
sive stresses.
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wall-normal and shear dispersive stresses over the
biofilms are much lower than the corresponding
Reynolds stresses, even below the height of the crest
of biofilm roughness elements, further indicating the
dominance of turbulent rather than wake momentum
transport (Mignot et al. 2009). PB-2 and SB-1both
have elevated dispersive stresses as compared to the
other biofilm surfaces, and exhibit elevated dispersive
stresses further from the wall, indicating a thickened
roughness sublayer. The roughness sublayer is the
region of the boundary layer where the roughness
results in spatial variability in the time-averaged vel-
ocity (Yuan and Piomelli 2014).

The three Reynolds stress profiles do not collapse
well in the outer layer, calling into question whether
or not outer layer similarity is a valid assumption for
biofilms. This may have implications for attempts to
upscale skin friction results from laboratory studies to
estimate drag penalties on, e.g. ships (Schultz 2007).
Other studies, however, have found outer layer simi-
larity for biofilm fouled surfaces (Walker et al. 2013).

The integrated friction velocity (Us), determined
from the streamwise averaged mean velocity profile, is
larger over the biofilms compared with the smooth
wall (Table 2). Keeping in mind that the two patchy
tests (PB-1 and PB-2) were conducted on the same
plate, at the same downstream location but offset
spanwise locations, it is interesting to note that they
have almost the same integrated Us value (0.078 and
0.079m s�1) despite different local topographies (as
evidenced by differing mean and maximum peak-to-
trough distances, as presented in Table 1).

The mean velocity profiles were used to calculate
roughness effects on the flow (Table 2). The skin-fric-
tion coefficient (Cf ¼ 2 Us

2

Ue
2) appears to be most

strongly influenced by the percent cover of the bio-
film, as opposed to the physical roughness height
(measured as the mean peak-to-trough distance) of
the biofilm (Figure 4). This could be due to the flap-
ping streamers of the biofilm being most important to
extracting momentum from the mean flow, as
opposed to the rugosity of the biofilm. One important
aspect of biofilm fouling, especially on ship hulls, is
the drag penalty, which leads to an increase in fuel
usage (Hunsucker et al. 2018). A closer look at the
results in Figure 4B reveals an apparent power-law
dependency of Cf with respect to the percent cover.
The authors propose a simple empirical model that
captures such behavior. By taking the increase in drag
above the smooth level, i.e. Cf – Cf�SW , the power-
law model can be written as Cf ¼ Cf�SW þmAc

b,
where Ac is the biofilm percent cover. By fitting this
model to the data, the estimation of the constants can
be simplified to m ¼ 6� 10�3 and b ¼ 3: Such a
model may provide some general guidance to how
much drag penalty is added by algal biofilm based on
simple hull inspection. However, this relationship
may change with different flow speeds (Hartenberger
et al. 2020). It is important to keep in mind that the
hydrodynamic conditions present in the facility used
here diverge from those in real world conditions,
especially when considering drag penalty on a ship.
The freestream velocity used in these tests was around
an order of magnitude lower than what might be seen
when a ship is underway (e.g. 7.7m s�1 cruising and
15.4m s�1 maximum speeds for typical mid-size
Naval ships (Schultz 2007) and 11.3m s�1 cruising
speed for cruise ships (Hunsucker et al. 2014)). The
external, unbounded ship boundary layer may behave
differently from a bounded flow within a flow tunnel,

Figure 4. Skin friction (Cf ) of the biofilm surfaces, plotted against the peak-to-trough distance of the biofilm surface and the per-
cent cover of the biofilm. The black line shows a power law equation fit to the data, where Cf�SW is the smooth wall skin friction
value and Ac is the percent cover of the biofilm.
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especially because the biofilm thickness may be larger
relative to the boundary layer thickness in a flow tun-
nel. The external boundary layer on a ship hull, for
example, can exceed 1m in thickness for long ships,
and thickens along the length of the ship; addition-
ally, wake dynamics can occur where there is flow
separation from the hull (Schultz and Swain 2000).
In. addition to these caveats, it must be noted that,
with only 5 points, the power law fit to the Cf may
not be very robust.

The downward shift noted in the biofilm velocity
profiles (Figure 3A) is a result of momentum
extracted from the flow by the biofilm. This is quanti-
fied by the roughness function, DUþ (Table 2). The
physical analogy for the roughness function, the
effective sand grain height, provides a means of relat-
ing the effects of different types of roughness to the
drag produced by uniform, closely packed sand grains
on pipe walls (Nikuradse 1933). The effective sand
grain height is a function of DUþ

(kþs ¼ expðjðDUþ þ 3:5Þ), and also appears depend-
ent on the biofilm percent cover more than the phys-
ical roughness height (Table 2). As seen over a
uniform biofilm (Murphy et al. 2018), the patchy bio-
films result in a larger ks value than the physical
height of the biofilm surface roughness. However, the
calculation of kþs is only strictly valid in the fully
rough regime, so values for the sparse biofilms should
be interpreted with some caution (Flack et al. 2012).

The local value of Us was calculated for every fifth
vertical velocity profile in each frame, using the CSS
method, and are shown in Figure 5 (normalized by
Ue). Also shown is the local topography of the bio-
film. The local values of Us appear fairly homogenous
(Figure 5B, C and E). Interestingly, the lower values
of Us seems to correspond with locations of low or
absent topography (regions of low relative local
change in the height of the surface of the biofilm).
Additionally, the local peaks and valleys of Us seem
to relate to sharp changes of the local biofilm thick-
ness, i.e. high gradient of the topography. One
important point when considering these data is that
the calculations of the local Us assumes local equilib-
rium in the flow, and that the local log-law represents
the local conditions. Especially for the patchy rough-
ness, which may not exhibit outer layer similarity,
these assumptions may not hold. However, because
the CSS method also uses the local RSS profile to cal-
culate the local Us, this might be less problematic
than when using a method that solely fits U to the
log-law, such as the modified Clauser chart.

The dispersive stress over the biofilms is highly
variable in the streamwise direction. Over a uniform
biofilm, there are localized regions of elevated disper-
sive stress right at the biofilm surface (Murphy et al.
2018). Over the patchy and sparse biofilms, there is
greater heterogeneity in dispersive stresses, with PB-1
and PB-2 exhibiting rather dissimilar patterns despite
being located on the same plate (Figure 6A and B). In
addition to near-bed hotspots, SB-2 and PB-2 have
areas of enhanced dispersive stress elevated off the
bed, at the height of the crest of the biofilm rough-
ness elements (Figure 6B and C). Dispersive stresses
are important to mass transport, especially in canopy
flows (Poggi et al. 2004), so the layer of increased dis-
persive stress over the patchy and sparse biofilms may
contribute to local hotspots of nutrient transport
related to the canopy flow over the more rugose bio-
films. Spatially explicit plots of tke production
(P ¼ �u0v0 oUoy , here normalized as Pþ ¼ P Ue

3

d ) over a
patchy and a sparse biofilm reveal that tke production
is highly localized (Figure 6D, E and F). Pþ appears
to be enhanced downstream of some of the protrud-
ing biofilm structures, and in the 6B-2 panel (Figure
6F) Pþ is only elevated over the more rough areas of
biofilm, with little tke production in the low relief
area of the biofilm in the middle of the frame.

Coherent structures

Coherent structures in turbulent boundary layer flows
are key to momentum and mass transport to and from
the bed. Quadrant analysis is a conditional averaging
technique used to determine the strength of turbulent
sweeps (where high momentum flow in the outer layer
travels toward the bed; Q4) and ejections (where low
momentum fluid from the near-bed region is ejected
higher up into the boundary layer; Q2) (Reidenbach
et al. 2007; Wallace 2016). Here the quadrant-hole tech-
nique (Lu and Willmarth 1973) was used to determine
the relative contributions of strong ( u0v0j j > Hrurv;

where H ¼ 4 and rui is the standard deviation of ui at
a given location) instantaneous vertical turbulent events
to the Reynolds shear stress. In other words, what is
presented here is the time-average of the instantaneous
u0v0 events (that exceed the given threshold) that fall
within the specified quadrant. This also shows the verti-
cal stratification of strong instantaneous events in the
boundary layer, and the streamwise variability of these
events over the different biofilms (Figure 7). Q2 events
are strongest in the outer layer, while Q4 events domin-
ate at the bed, as is typical over rigid roughness and
canopy flows (Raupach 1981; Yue et al. 2007). All of the
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biofilms, aside from SB-1, which, as discussed previ-
ously, has very low biofilm roughness and coverage,
have similar magnitudes of strong turbulent ejections
near the bed. The magnitude of strong turbulent sweeps,
however, is dependent on the biofilm surface, with the
patchy biofilms both having large, sharp peaks
(Supplemental Figure 1), indicating that for the patchy

biofilm, entrainment of high velocity flow down toward
the bed is especially important. This may mean that
there is stronger vortex shedding from the patchy bio-
films, because Q4 events over canopies are a result of
prograde (rotating with the direction of the mean shear)
vortices being shed off of the vegetation at the canopy
top. This likely results in increased transport of scalar

Figure 5. Local shear velocity (Us) normalized by the freestream velocity (Ue) (solid blue line), plotted with the biofilm topography
in each frame (solid black line). The integrated Us is given for comparison (dahed blue line).
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quantities, such as free swimming larvae or sediment, to
the biofilm surface (Hendriks et al. 2006).

The swirling strength, kci, is a measure of rotational
flow similar to the vorticity, x, however, the vorticity
includes shear whereas the swirling strength is a measure

solely of the rotational component of the fluid motion
(Zhou et al. 1999). The swirling strength is the imaginary
part of the complex eigenvalue of the local instantaneous
velocity gradient. Here, the instantaneous kci is used
along with the instantaneous velocity field to identify

Figure 7. Quadrant-hole analysis with H¼ 4. (A & B) Uniform biofilm; (C & D) Patchy 1 biofilm; (E & F) Patchy 2 biofilm; (G & H)
Sparse 1 biofilm; (I & J) Sparse 2 biofilm. The results show the contribution of u0v0 values that exceed the threshold value in the
given quadrant; �u0v0Q2 and �u0v0Q4 are normalized by Ue

2:

Figure 6. Dispersive stresses (panels A, B, C) and turbulent kinetic energy production ( �PþÞ (panels D, E, F) over three of the
tested biofilms. (A & D) Patchy 1; (B & E) Patchy 2; (C & F) Sparse 2. For �Pþ , Each local vertical profile of U was smoothed with a
smoothing spline before finding oU

oy in P.
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vortices and coherent structures within the flow. Galilean
decomposition was used to investigate the small-scale
eddies in the flow. This technique removes the convect-
ive velocity from the instantaneous velocity field so that
uc ¼ u� Uc, where Uc is the Galilean convection vel-
ocity (Adrian et al. 2000; Volino et al. 2007) as a

percentage of the freestream velocity. The local instant-
aneous vorticity is used to give a sign (direction of rota-
tion) to the swirling strength so that prograde (rotating
in the direction of the mean shear) and retrograde
(rotating the opposite direction of the mean shear) vorti-
ces can be distinguished (Wu and Christensen 2006).

Figure 8. Galilean decomposition of an instantaneous flow field over each biofilm, with 0.7Ue removed. The Galilean decompositions
are plotted over kci , the swirling strength, to highlight locations of rotational flow. Location of prograde rotation (rotating in the direc-
tion of the flow) are shaded in blue, and locations of retrograde rotation (rotating in the direction opposite the mean flow) are red.
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Galilean-decomposed instantaneous velocity fields
over the biofilms, with a convective velocity of 0.7Ue

removed, are shown in Figure 8. The Galilean decom-
positions are plotted over kci, the swirling strength, to
highlight locations of rotational flow. Because most of
the freestream velocity is removed from each velocity
vector, this highlights lower-speed vortices near the
bed, which occur more often in packets. These vorti-
ces entrain fluid, moving high-momentum fluid
downwards to the bed and low-momentum fluid
upwards. As in other turbulent boundary layer flows,
this mechanism of momentum transport appears
important in biofilm-bounded flow (Volino et al.
2009; Wu and Christensen 2010). The uniform and
patchy biofilms appear to have prograde vortex streets
being shed from the wall (Figure 8A, B and C). SB-1
has noticeably smaller locations of rotating flow
(Figure 8D), and the instantaneous flow appears more
disorganized than over the other biofilms. The
Galilean decomposed velocity fields over the patchy
biofilms may show larger scale groups of vortices
extending nearly the entire height of the boundary
layer (Figure 8B and C), as seems to be more com-
mon over 2D roughness than 3D roughness. This
may be a result of the larger scale patchiness of the
biofilm, where large patches of biofilm free surface
may allow reattachment of the flow before it encoun-
ters subsequent biofilm covered areas (Volino et al.
2011). While these results are interesting, and suggest-
ive of the effects of biofilm topography on larger-scale
attached eddies, the constraints of the experimental
system, especially considering the relative height of
the biofilm roughness compared with the limited
height of the boundary layer in the flow tunnel, and
the potential for wall effects, make it difficult to
extrapolate these results to external boundary layers
such as in flow over a ship (Volino et al. 2009).

Conclusions

The drag coefficient of the biofilm appears to correl-
ate most strongly with percent cover of the biofilm,
rather than peak-to-trough distance, which means
that the uniform biofilm has the greatest increase in
surface drag despite not having the largest roughness
elements. This may be due to the cumulative effects
of a larger area of compliant surface, and a larger
number of flapping streamers removing momentum
from the flow. This suggests that a simple measure of
percent biofilm cover could be the most important
parameter to track when determining the impact of
soft fouling on ship performance. However, notable

differences between the experimental flow tunnel
employed here, with an internal boundary layer at
lower free stream velocities compared to an external
boundary layer as would be seen over a ship hull,
make further investigation of the applicability of our
results to real world scenarios important.

Non-uniform biofilms enhance vertical momentum
transport in the boundary layer, at least in part due to
setting up local plane mixing layers where the velocity
profiles are S-shaped. Given the increase in energy of
the vortices over the patchy biofilms and the exposed
bed under patchy biofilms, non-uniform biofilms may
in fact increase vertical fluxes of mass and momentum
to the underlying substrate. The high energy loss of
flow over biofilms, possibly due to the flapping stream-
ers, combined with the low relief of the biofilms,
means that vertical transport can be greatly increased,
albeit in a spatially heterogeneous manner. Because
biofilms are typically the first biofouling community to
colonize a surface, and facilitate the settlement and
development of further biofouling organisms, the
implications of this are worth considering in the con-
text of biofilm community development.

As a biofilm matures and get too thick for deeper
cells to access nutrients, senescence and sloughing due
to high shear results in biofilm patchiness and altered
local hydrodynamics, potentially resulting in more
localized sloughing as well as enhanced turbulent trans-
port of metabolites to the bed, as evidenced by the
spike in turbulent sweep strength over patchy biofilms
(Supplemental Figure 1). This interaction between bio-
film morphology and hydrodynamics therefore may
enhance the fitness of the biofilm community.
Additionally, local hydrodynamics may be important to
the later development of the fouling community. The
increase in turbulent sweeps and ejections, especially
over the patchy biofilms (Figure 7 and Supplemental
Figure 1) affect where larvae settle on a biofilm fouled
surface and whether the larvae are able to stick to the
surface (Koehl 2007; Hata et al. 2017). In addition, the
pockets of lower shear stress and lower momentum
flow that are especially evident in the non-uniform bio-
film may provide suitable location for the settlement
of larvae.
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