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ABSTRACT
An extended model of the surface energetic attachment (SEA) model is introduced to study the
fouling of marine organisms on microtopographic surfaces, taking into account the excluded
volume interaction and the attraction between the organisms. It is shown that the excluded vol-
ume interaction leads to changes in the site-typed attachment probabilities which increase with
the average spore density on the surface. As a result of these changes, the spore density map is
flattened under very high density fouling. The attractive interaction on the other hand leads to
aggregation of spores and the average aggregate size increased with the strength of attraction.
The model can be mapped to a specific experiment to determine the attachment energy param-
eters. In contrast to various prior empirical approaches, the extended SEA model is rigorous
from the statistical mechanics viewpoint, thus it provides a reliable tool for studying complex
attachment behaviors of microorganisms on topographic surfaces.
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Introduction

Recently, there has been much attention to engineered
microtopographic surfaces as potential nontoxic anti-
fouling (AF) strategies to replace the use of toxic paints
in the marine environment, particularly on ships’ hulls
(Carman et al. 2006; Magin, Cooper, et al. 2010;
Thomas and Brooks 2010; Scardino and de Nys 2011;
Kirschner and Brennan 2012). Studies have shown that
certain types of surface topography can reduce the
attachment of marine microorganisms, such as Ulva, as
much as 77% compared to a smooth surface
(Schumacher, Aldred, et al. 2007). The AF effectiveness
of microtopographic surfaces however depends strongly
and variably on their topographic characteristics, such
as feature configuration (Efimenko et al. 2009), feature
shape (Schumacher, Carman, et al. 2007), size and
aspect ratio (Schumacher, Aldred, et al. 2007), by a
mechanism that is still far from being well understood
(Bloecher et al. 2013). Several theoretical models have
been developed to predict attachment behaviors of
marine organisms on topographic surfaces.

One of the earliest models proposed was the
attachment point theory (APT) (Callow et al. 2002;

Scardino et al. 2006, 2008), which was based on the
observation that marine organisms preferentially bind
to locations where they can maximize the number of
contact points with a surface. This theory received
only a partial support from experiments. It has been
shown that the number of attachment points alone is
insufficient to predict the relative changes in fouling
for different organisms on a given topography
(Scardino et al. 2008). More importantly, the attach-
ment point theory does not provide a way to calculate
the relative attachment density of organisms on top-
ographies in which the numbers of attachment points
differ in different locations.

Another model that has shown limited success is
the engineered roughness index (ERI) (Long, Finlay,
et al. 2010). The ERI model was derived from the the-
ories of wetting of a textured surface and considers
the topographic properties of the surface such as the
Wenzel roughness (Wenzel 1936), the number of dis-
tinct features and the fractional area of feature tops as
defined by the Cassie–Baxter theory (Cassie and
Baxter 1944). It related the relative attachment density
of organisms to the calculated engineered roughness
index through a logarithmic dependence with an
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experimentally fitted slope. Amendments to the ERI
model include adding the Reynold’s number of an
organism to account for the impact of the size and
shape of the organism on fouling (Magin, Long, et al.
2010; Magin et al. 2011). The ERI model predicts the
relative settlement of organisms quite well but only
for the cases of AF, ie decreases in the fouling dens-
ity. The model fails to quantify the changes when
there are increases in the density of the organisms on
a topographic surface compared to an unpatterned
surface (Xiao et al. 2013).

The surface energetic attachment (SEA) model
(Decker et al. 2013) was developed in an attempt to
include fouling on microtopographies for which both
the increase and the decrease in fouling density were
described. In contrast to the empirical basis of the pre-
vious APT and ERI models, the SEA model was
derived based on the principles of statistical mechanics.
The model explicitly considers the surface topography
with an appropriate discretization on a lattice. An
attachment energy was assigned to the binding of an
organism to the surface. This energy was proposed to
depend linearly on the contact area between the organ-
ism and the surface. In the simplest approximation, it
may be assumed that the attachment energy was only
proportional to the number of attachment points. The
relative attachment density of organisms was then cal-
culated using a probability of attachment based upon
the Boltzmann distribution for a fixed temperature.

The SEA model has shown a good regression to
experimental data of attachment density for a variety of
organisms on different surface topographies (Decker
et al. 2013). The model was also shown to cover two
different regimes of fouling: the so-called “Wenzel wet-
ting state” (Marmur 2003), in which the organism can
settle between features and effectively “wets” all of the
available areas, and the “Cassie wetting state”, in which
only the tops of the features are “wetted” by
the organism.

From the statistical mechanics point of view, the
SEA model was effectively a single organism model, ie
it did not address the interactions between multiple
organisms. Thus, this model worked well in the case of
a very low attachment density with minimal aggrega-
tion of organisms. It can be expected that the inter-
organism interactions would play an important role in
the high-density fouling, both locally and globally. On
a locally high-density fouling surface, organisms can
attach individually or form high-density aggregates in
which the average density, of the total, exposed surface,
remains low. Whereas, with attachment on a globally
high-density fouling surface, the density of organisms

in the aggregates would still be high but the average
density will be high also. The individual fouling condi-
tion on surfaces, as well as the progression from low
to high densities, can be monitored by fluorescence
microscope as well as scanning electron microscopy
(Long, Finlay, et al. 2010).

A basic interaction in a multiple organism system
is excluded volume, which is due to the physical size
of each organism. As a result of excluded volume,
two organisms cannot occupy the same site on a sur-
face nor at a distance smaller than their physical
diameter. Apart from excluded volume, the effective
interaction between two nearby organisms can be
either repulsive or attractive when they are in physical
contact with each other. This repulsion/attraction
may arise due to physico-chemical properties of mac-
romolecules on the surfaces of the organisms and/or
to hydrophobic and hydrodynamic effects. For
example, the specific recognition and binding of a
cell-surface-associated protein adhesin to a comple-
mentary cell-surface-associated polysaccharide recep-
tor are responsible for bacterial aggregation in
biofilms (Schembri et al. 2003; Katharios-
Lanwermeyer et al. 2014). Hydrophobicity as well as
electrostatic charges of the cell surface affect not only
the binding affinity of organisms to a surface but also
their autoaggregation (Del Re et al. 2000). It has been
reported that hydrodynamic shear rates can monitor
the relative proportion of autoaggregating and coag-
gregating species in freshwater biofilms (Rickard et al.
2004). A common tendency of microorganisms is to
exist as social communities. Free-swimming zoospores
may exhibit mutual attraction and autoaggregation
due to chemotaxis, which is based on the extracellular
small-molecule signaling and response mechanisms of
microorganisms (Thomas and Peterson 1990; Reid
et al. 1995; Savory et al. 2014).

The purpose of this study was to investigate the
effects of excluded volume and attractive interactions on
the fouling behaviors of organisms attaching to a surface
at low to high densities. To perform this task, the SEA
model was extended to describe systems of multiple
interacting spores on a topographic lattice and Monte
Carlo simulations were carried out to study their equi-
librium properties. The results for interacting spores are
compared to those of non-interacting spores.

Materials and methods

SEA model for non-interacting spores

For convenience the fouling organisms are referred to
as spores of spherical shape with a diameter d¼ 5 lm.
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Consider a system of N spores residing on a topo-
graphic surface of a given size. The surface is mapped
onto a 2-D lattice, such that the spores can have only
positions centered on the lattice sites. As a result of the
surface topography, the lattice sites are divided into sev-
eral types of different attachment properties, such as of
different numbers of attachment points. A spore is given
an attachment energy Et if it attaches to the site of type
t, ie topography. Let Nt be the number of spores
attached to the sites of type t. The following is obtained:

N ¼
X

t
Nt; (1)

where the summation is taken over all possible values
of t. The SEA model (Decker et al. 2013) postulates
that the spore configurations on the lattice are in a
thermodynamic equilibrium at some temperature T,
ie they form a canonical ensemble. The probability of
spore attachment to site type t is given according to
the Boltzmann distribution:

pt ¼ <Nt>

N
¼ gte�Et=kT

Z
; (2)

where k is the Boltzmann constant, gt is the number
of sites of type t on the lattice, <Nt> is the average
number of spores on sites of type t, and Z is the par-
tition function given by:

Z ¼
X

t
gte

�Et=kT : (3)

Note that the probability in Equation 2 is inde-
pendent from N, meaning that the spore–spore inter-
actions are ignored. Thus, the system of N spores is
always equivalent to the system of 1 spore in terms of
site-typed attachment probabilities.

From Equation 2, it follows that for any pair of
site types t and u of the same surface:

log
pt
pu

� �
¼ log

gt
gu

� �
� Et�Eu

kT
: (4)

Equation 4 indicates that the attachment probabilities
depend only on the energy difference between differ-
ent site types.

Consider now a planar smooth surface of an arbi-
trary material where all the lattice sites are of the
same type s (for ‘smooth’) and to each site an
attached spore has an energy Es. If the same fouling
condition is applied to the smooth surface as to the
topographic surface, then the spore attachment prob-
ability on the smooth surface also follows the
Boltzmann distribution, leading to the following equa-
tion:

Ns

N
¼ gse�Es=kT

Z
; (5)

where Ns is the number of spores attached to the
smooth surface and gs is the number of lattice sites of
type s. For any pair of lattice site types t and s, it fol-
lows from Equations 2 and 5 that:

log
Nt

Ns

� �
¼ log

gt
gs

� �
� Et�Esð Þ

kT
: (6)

Equation 6 can be used to relate attachment numbers
on various topographies.

The smooth surface as introduced above plays the
role of a reference surface for checking the validity of
the SEA model. For given Ns and gs, the energy par-
ameter Es can be calculated from Equation 5 as:

Es ¼ �kT log
ZNs

Ngs

� �
: (7)

In the present study, for convenience, the smooth
surface was assumed to have the same size as the
topographic surface, ie:

gs ¼
X3

t¼1
gt; (8)

whereas Ns can be an arbitrary positive number.

SEA model for interacting spores

An extended SEA model is proposed to describe a
system of N interacting spores. Simple pairwise inter-
actions for the spores are considered. First, all spores
are subject to excluded volume interaction, that is the
distance between any two spores must not be smaller
than the diameter d of a spore. Second, neighboring
spores may have a short-range attraction or repulsion
to each other. Specifically, an energy Eint is given to a
contact between two spores if their center-to-center
distance is smaller than a cutoff distance of Rc ¼
6 lm. The contact is favorable if Eint < 0 and
unfavorable if Eint > 0. If Eint ¼ 0, only the excluded
volume interaction exists.

The energy of a given spore configuration C on
the lattice is given by:

E Cð Þ ¼
X

t
NtEt þ NintEint; (9)

where Nint is the number of spore–spore contacts in
the system. In the canonical ensemble, the probability
of observing the configuration C is given by:

p Cð Þ ¼ e�E Cð Þ=kT

ZN
withZN ¼

X
C
e�E Cð Þ=kT ; (10)

where the summation is taken over all possible con-
figurations on the lattice. The average number of
spores attached to the sites of a given type is now
given by:
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<Nt> ¼
X

C
Nt Cð Þp Cð Þ: (11)

The average in Equation 11 can be calculated by
using the Monte Carlo simulation method.

Surface topography

The Sharklet topography as shown in Figure 1a was
considered, in which the feature width and feature spac-
ing were fixed and equal to 2lm, whereas the feature
lengths and the number of distinct features can be var-
ied. Following Decker et al. (2013), the topography was
discretized on a square lattice with the lattice spacing
equal to 1lm as shown in Figure 1b. Thus, each feature
width and feature spacing corresponds to two lattice
constants. A lattice site is of one of three types, denoted
by t¼ 1, 2, and 3, depending on the number of attach-
ment points a spore can make with it. The sites of t¼ 1
type belong to the feature tops and have only one
attachment point. The sites of t¼ 2 type provide two
attachment points and are in the depressed spaces
between features except at positions near the corners of
the features. The type t¼ 3 sites are between the feature
corners and enable three attachment points with the
spore. Surface dimensions that are multiple repeats of a
rectangular unit cell were considered. Periodic boundary
conditions were applied for the spores in both x and y
directions of the surface plane.

Monte Carlo simulation

Monte Carlo simulations were carried out for the sys-
tems of interacting spores. The sampling of the spore

configuration space was done by employing local
moves on the lattice. At the beginning of a simula-
tion, a random configuration of spores on the lattice
was generated such that the spores do not overlap
with each other. At each simulation step, an attempt
was made to move a randomly chosen spore to a ran-
domly chosen neighboring lattice site. The move was
rejected if it violated the excluded volume constraint,
otherwise it was accepted according to the Metropolis
algorithm (Metropolis et al. 1953). Specifically, for
each move the energy change associated with the
move DE¼ Enew – Eold is calculated. The move is
always accepted if DE� 0, otherwise it is accepted
with the probability p ¼ exp(�DE/kT). The simula-
tions were first run for some time, typically of the
order of 106 steps, to equilibrate the systems. The
spore attachment properties then were calculated as
averages over spore configurations taken from the
simulations after equilibration.

Results and discussion

Effects of excluded volume interaction

First, the effects of excluded volume interaction on
the spore attachment densities were considered. For a
qualitative assessment of these effects and without
referring to a particular experiment, the attachment
energies were taken to be E1 ¼ �1 kT, E2 ¼ �2 kT,
and E3 ¼ �3 kT for the three site types. Note that
these chosen energy parameters are proportional to
the numbers of attachment points of the site types.
Monte Carlo simulations were carried out for the

Figure 1. (a) A Sharklet unit cell with four distinct features (yellow). The feature width and the feature spacing are equal to 2lm.
The feature lengths are 4, 8, 12, and 16lm. The size of the unit cell is 24lm � 24lm. (b) Discretization of the unit cell shown
in (a) on a square lattice with the lattice spacing equal to 1lm. The lattice sites are shown with colors according to their site
type t, specifically t¼ 1 (yellow), t¼ 2 (black) and t¼ 3 (red). The site type corresponds to the number of attachment points a
spore can make with the surface at that site.
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fouling of N spores on a single four-featured Sharklet
unit cell with N varied between 1 and 16.

Figure 2 illustrates the equilibrium configurations
for various numbers of spores on the unit cell. The
cases of N¼ 1 and N¼ 4, corresponding to low and
medium average densities of spores, revealed that all
the spores attached to the sites of t¼ 3 near the fea-
ture corners to maximize their number of attachment
points with the surface. For the cases of N¼ 8 and
N¼ 16, corresponding to high and very high average
densities, some spores did not attach to the t¼ 3 sites.
This was due to the fact that access to the most pref-
erential attachment sites of these spores was hindered
by other spores.

Figure 3 shows the attachment density maps, for
the systems considered in Figure 2, where it is
observed that the highest attachment densities corres-
pond to the t¼ 3 sites and the lowest correspond to
the t¼ 1 sites. The relative differences between the
attachment densities for different site types, however,
decreased as the number of spores increased.
Especially, for the case of N¼ 16, the densities at
t¼ 3 sites are almost indistinguishable from those at
t¼ 2 sites, except at very few spots. Note that the sys-
tem of non-interacting spores corresponds to N¼ 1

case, thus the effect of excluded volume interaction is
clearly seen on the density maps.

Figure 4a shows that the site-typed attachment prob-
ability (Nt/N) depends on N differently for different site
types, specifically, the attachment probability for t¼ 3
sites decreases with N while those of t¼ 1 and t¼ 2
sites increases. These dependencies on N are almost lin-
ear for all three site types. Figure 4b shows the depend-
ence of the site-typed average occupation number, the
number of spores per lattice site (Nt/gt), on the total
number of spores N for different site types. For non-
interacting spore systems, this dependence is always lin-
ear for all three site types as shown by the straight lines
in Figure 4b. For the spore systems with excluded vol-
ume interaction, the average occupation numbers devi-
ate from those of the non-interacting spore systems and
this deviation increases with N. Note that as N increases,
due to the excluded volume interaction, the t¼ 3 sites
lose their occupation number compared to those of
non-interacting spore system, while the t¼ 2 and t¼ 1
sites gain some occupation.

In Figure 5, the validity of Equation 6 was checked
for interacting spore systems by plotting the depend-
ence of the two sides of this equation against each
other using the attachment numbers of the site types

Figure 2. Examples of spore configuration for N¼ 1 (a), N¼ 4 (b), N¼ 8 (c) and N¼ 16 (d) on a single Sharklet unit cell. The
spores are of diameter d¼ 5lm and shown as filled circles. The configurations shown are equilibrium configurations obtained in
Monte Carlo simulations for systems with only excluded volume interaction and with attachment energy parameters E1 ¼ �1 kT,
E2 ¼ �2 kT, and E3 ¼ �3 kT.
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and that of a smooth surface. Equation 6 is perfectly
valid for systems of non-interacting spores, and is
shown by a straight line in Figure 5 with the slope
equal to 1. For spore systems with excluded volume
interaction, as shown by the data points, a very good
agreement with Equation 6 is seen for the systems
with small numbers of spores of N¼ 1 and N¼ 2. For
N� 4, the points deviated from the linear regression,
with the deviation increasing with N. Interestingly,
the experimental data compiled in Decker et al.
(2013) also showed similar deviations from a linear
regression predicted by the SEA model of non-inter-
acting spores (see figure 11 in Decker et al. 2013).

The simulation results have shown that the effects
of excluded volume increase with the total number of
spores N, or equivalently the average spore density.
The limiting cases of N¼ 1 and N¼ 16 considered in
the simulations correspond to the average densities of
1,376 and 27,778 spores mm�2, respectively. High
settlement densities of up to 6,000 spores mm�2 have
been reported for microtopographic surfaces fabri-
cated from polydimethyl siloxane elastomer (PDME)
(Callow et al. 2002). Thus, the excluded volume effect
of spore–spore interaction ought to be present in
those experimental observations, in which the average
density reached thousands of spores mm�2. On the
other hand, the result also indicates that the excluded

Figure 3. Attachment density maps for the systems considered in Figure 2 with N¼ 1 (a), N¼ 4 (b), N¼ 8 (c) and N¼ 16 (d) on
a single unit cell. The attachment densities were obtained by calculating the average number of spores attached to each lattice
site with Monte Carlo simulations. The density values given in units of spores lm�2 are indicated on the maps by colors.

Figure 4. Dependence of the site-typed attachment probabil-
ity (Nt/N) (a) and the average number of spores per lattice site
(Nt/gt) (b) for different site types t on the total number of
spores (N). The data shown were obtained from the simula-
tions of fouling on a single unit cell as shown in Figure 2 for
spores with excluded volume interaction. The data points cor-
respond to the site types of t¼ 1 (filled circles), t¼ 2 (open
circles) and t¼ 3 (squares). For comparison, the results for sys-
tems of non-interacting spores are shown in (b) as straight
lines for t¼ 1 (solid), t¼ 2 (dashed) and t¼ 3 (dotted).
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volume effect can be safely neglected for systems in typ-
ical experiments where there is no clustering of spores
and the average density is < 1,000 spores mm�2.

Effects of spore–spore attraction

Next, the effect of spore–spore attraction on the
attachment behaviors on topographic surfaces was

studied. For this study, a system of N¼ 100 spores
was considered on a four-featured Sharklet surface of
4� 4 unit cells, which corresponds to the average
density of 10,851 spores mm�2. The same attachment
energy parameters Et were used as in the previous
subsection. As described in the Methods section, the
extended SEA model assigns an energy Eint for each
pairwise contact between two nearby spores. A nega-
tive Eint promotes aggregation of spores. The simula-
tions were carried out for various values of Eint
between 0 and �4 kT. A strong aggregation tendency
was observed for Eint lower than �2 kT. The top pan-
els in Figure 6a–d show that the spores were fully and
essentially dispersed at Eint ¼ 0 and Eint ¼ �1 kT,
respectively, while strongly aggregated at Eint ¼ �2.2
kT and Eint ¼ �3 kT. For Eint ¼ �2.2 kT, multiple
aggregates may be observed at various sizes within a
single configuration, whereas for Eint ¼ �3 kT essen-
tially a single large aggregate was established. In all
cases, there are still non-aggregated spores due to
thermal fluctuations.

In order to quantify the aggregation properties, fol-
lowing Decker et al. (2014), the radial distribution
function (RDF) g(r) of spores was calculated. The
RDF is defined as the average number of spores
found within a unit surface area located at a distance
r to a given spore divided by the average density q of
spores on the whole surface. The RDF can be consid-
ered as a relative probability of observing a spore at
the distance r from a given spore. In the calculation,

Figure 5. Comparison between the SEA model for non-interact-
ing spores (solid line) and the SEA model with excluded volume
interaction (data points). The solid line has a slope equal to 1
and corresponds to Equation 6. The data for the model of inter-
acting spores were obtained from simulations on a single
Sharklet unit cell with the number of spores N varied between 1
and 16 as indicated. It is assumed that the reference smooth
surface has the number of attached spores Ns ¼ 1.

Figure 6. Examples of typical spore configurations on the lattice (top panels) and the radial distribution functions (bottom panels)
for spore systems without spore–spore interaction (a, e) and with attractive spore-spore interactions (b–d, f–h). The results shown
are obtained for systems of N¼ 100 spores on the Sharklet surface of the size of 4� 4 unit cells. The interaction energy param-
eter used in the simulations was Eint ¼ 0 (a, e), Eint ¼ �1 kT (b, f), Eint ¼ �2.2 kT (c, g) and Eint ¼ �3 kT (d, h).
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the function g(r) was determined with a discretization
of the distance r at 1 lm resolution and was obtained
from the simulations by averaging over multiple spore
configurations (the periodic boundary conditions
were applied when counting the number of spores
within a range of distance r). The plots of the RDF
obtained for various values of interaction energy Eint
are shown in Figure 6e–h. For Eint ¼ 0 the function
g(r) is essentially flat and roughly equal to 1 (Figure
6e). The flat RDF corresponds to spore configurations
without aggregates, such as the one shown in Figure
6a. For Eint ¼ �1 kT the function g(r) has only one
small peak at short distance r (Figure 6f), indicating
the formation of small aggregates. The cases of Eint ¼
�2.2 kT (Figure 6g) and Eint ¼ �3 kT (Figure 6h)
show multiple peaks in the RDF and indicate the
appearance of large aggregates. These indications are
consistent with what was observed in the spore con-
figurations shown in Figures 6b–d. The first peak in
the RDF starting from small distances always occurs
at r roughly equal to the spore diameter (5 lm), and
the next peaks are separated by the distances of
4–5lm, indicating that spores in the aggregates are in
contact with each other. It can be seen that as Eint
decreases, more peaks and higher peaks of the RDF
are observed, indicating that the average size of the
aggregates increases with the strength of the attractive
interaction.

Figure 7 shows the dependence of the site-typed
attachment probabilities on the attraction energy Eint.
For negative Eint larger than �2 kT, it is shown that
these probabilities do not differ significantly from
their values at Eint ¼ 0. These probabilities undergo
large changes for Eint between �2 kT and �3 kT. In

particular, the attachment probability for t¼ 1 sites
increased strongly with the magnitude of Eint while
those of t¼ 2 and t¼ 3 sites decrease. For Eint < �2.3
kT there were more spores attached to the t¼ 1 sites
than to the t¼ 2 sites, which is not the case for
weaker attraction. Thus, sufficiently strong spore–s-
pore attraction leads to a reshuffling of the preferen-
tial attachment order.

Figure 8 shows that the attractive interaction
between spores leads to strong deviations in the
attachment characteristics from those of the SEA
model for non-interacting spores. The attachment
numbers obtained in the model with attractive inter-
action are no longer consistent with Equation 6 for
Eint lower than �2 kT, consistent with the spore clus-
tering observed in the simulations. Note that the devi-
ations from Equation 6 due to attractive interaction
are much stronger than those induced by the
excluded volume interaction shown in Figure 5.
Figure 8 also shows that the deviations are much
stronger for t¼ 1 and t¼ 2 sites than for the
t¼ 3 sites.

The appearance of multiple peaks in the RDF as
well as the sharp changes in the site-typed attachment
probabilities when Eint becomes lower than �2 kT
indicate that the formation of clusters in biofouling is
a kind of phase transition similar to the gas–liquid
transition in two dimensions. Studies of the latter, eg
for a 2-D Lennard–Jones fluid (Rovere et al. 1990),
have shown that below a critical density this

Figure 7. Dependence of site-typed attachment probability on
the spore–spore interaction energy Eint for different site types
t as indicated. The data are obtained for the systems of
N¼ 100 spores on the Sharklet surface of 4� 4 unit cells as
considered in Figure 6.

Figure 8. Comparison between the SEA model for non-inter-
acting spores (solid line) and the SEA model with attractive
interaction between spores (data points), for various values of
interaction energy Eint and different site types t as indicated.
The solid line has a slope equal to 1 and corresponds to
Equation 6. The data for the model of interacting spores were
obtained from the simulations of N¼ 100 spores on the
Sharklet surface of 4� 4 unit cells as considered in Figure 6.
For the present plot, the reference smooth surface is assumed
to have Ns ¼ 16 attached spores.
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transition is a first-order phase transition with observed
phase coexistence and phase separation. One interesting
observation from the simulation result is that the spores
in the clusters are arranged in a honeycomb-like hex-
agonal packing (Figure 6), which is the densest packing
of circles on a plane (Stephenson 2005). This packing
arrangement has arisen naturally due to the spherical
shape of the spores, but it is also interesting to note that
it appeared on a topographic lattice which has no hex-
agonal symmetry. Here, due to a strong attractive spor-
e–spore interaction, the mismatch between the lattice
symmetry and the hexagonal symmetry was insufficient
to destroy the optimal packing arrangement.

Decker et al. (2014) have recently shown that the
zoospore Ulva linza forms aggregates when they attach
to microtopographic surfaces, while the diatom Navicula
incerta does not. These two types of organism showed
similar behaviors to the spore models with and without
attractive interaction considered in the present study.
The present simulations indicate that there must be a
significant attraction between the U. linza zoospores, of
at least about �2 kT. This interaction energy may be
obtained more precisely through a thorough comparison
of experimental and simulation data. The study of
Decker et al. (2014) also showed that surface topography
and certain local attachment site geometries have meas-
urable effects on the RDF of the aggregates of zoo-
spores. The model proposed here would provide a
useful tool for studying such effects.

Matching with experiment

Finally, an example is shown to illustrate how the
SEA model can be tuned to match with an experi-
ment and how the model can predict attachment
behaviors for systems of increased number of spores
and for a modified topographic surface. Consider the
experiments reported by Long, Schumacher, et al.
(2010) for U. linza zoospores, in which the spore
attachments on both the four-featured Sharklet sur-
face and the four-featured recessed Sharklet surface
have been analyzed (the recessed surface has the fea-
tures that are recessed). The experimental topogra-
phies have the same feature sizes and spacing as that
shown in Figure 1. For the Sharklet surface, it was
found that 96% of spores attached on the depressed
regions (t¼ 2 and t¼ 3 sites), of which 56% attached
on the intersection regions (t¼ 3 sites). For the
recessed Sharklet surface, 94% of the spores were
reported to attach on the recessed regions. These sta-
tistics were obtained for individual spores that were
not participating in the aggregates.

The attachment energy parameters for the SEA
model were determined from the above experimental
data for the Sharklet surface. These data yielded attach-
ment probabilities p1 ¼ 0.04, p2 ¼ 0.4, and p3 ¼ 0.56
for the three site types. By using Equation 4, the energy
differences for different pairs of site types were calcu-
lated. Because in the SEA model, only the energy differ-
ences, not their absolute values, determine the
attachment probabilities, it was assumed that E1 ¼ 0 for
the t¼ 1 sites. The attachment energies obtained for the
t¼ 2 and t¼ 3 sites are E2 ¼ �2.303 kT and E3 ¼
�3.555 kT, respectively. These energies were used as
inputs for the SEA model with the excluded volume
interaction. Monte Carlo simulations were carried out
in the latter model for multiple spore systems on both
the Sharklet and the recessed Sharklet surfaces.

Figure 9 shows predictions of the site-typed attach-
ment probabilities and the density maps obtained by
the simulations for the four-featured Sharklet unit cell
and the four-featured recessed Sharklet unit cell. In
both cases, it is shown that due to the excluded vol-
ume effect, the attachment probability for t¼ 3 sites
decrease with the number of spores N while those for
t¼ 1 and t¼ 2 sites increase. For the recessed
Sharklet unit cell, the probability for the t¼ 3 site
type is always the highest among the three site types
while for the Sharklet unit cell, this observation is
true only for N< 8. This difference is due to the fact
that the recessed Sharklet surface has more t¼ 3 sites
than the Sharklet one. For the N¼ 1 case, the simula-
tions showed that 93.4% of the spores attached to the
recessed regions of the recessed Sharklet surface,
which is very close to the experimental result of 94%
(Long, Schumacher, et al. 2010). Figure 9 also shows
that the spore density map changed completely when
moving from the Sharklet surface to the recessed
Sharklet one. For the former, the highest density cor-
responds to the intersection regions between features,
whereas for the latter, the corners of the recessed fea-
tures are the most strongly occupied by the spores.

Conclusions

Marine microorganisms attaching to a submerged sur-
face may interact with each other through various mech-
anisms due to their excluded volume, the chemistry of
their membrane’s macromolecules, hydrophobicity, as
well as the natural tendency of microorganisms to live as
social communities. In this paper, an extended surface
energetic attachment model was introduced for studying
the fouling of interacting spores on topographic surfaces.
It was shown that spore–spore interactions lead to
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significant changes in the attachment behavior at high
spore densities compared to those at low densities.
Particularly, the excluded volume interaction lead to a
relative decrease in attachment probability at the most
favorable binding sites (eg the t¼ 3 sites on the Sharklet
topography) as the total number of spores on a surface
is increased. The spore–spore attraction on the other
hand lead to aggregation of attached spores. The average
size of the aggregates increased with the strength of
attraction. These behaviors can be easily verified by
experiment or have been observed in the study of
U. linza zoospores by Decker et al. (2014). The present
study also demonstrated how the energy parameters of
the model can be inferred from experimental data,
allowing quantitative results to be obtained for real
marine organisms. The model proposed here extends the
predictive capability of the SEA model to high density

fouling and may serve as a powerful tool for the design
of microtopographic AF surfaces.
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Figure 9. Prediction of spore attachment characteristics on the normal four-featured Sharklet unit cell (a) and on the four-featured
recessed Sharklet unit cell (b) by using the SEA model with excluded volume interaction. The energy parameters of the model
have been deduced from experimental data for the Sharklet surface (Long, Schumacher, et al. 2010). Left panels show the
dependence of the site-typed attachment probability on the total number of spores N for different site types t as indicated. Right
panels show the spore density maps for the case of N¼ 8. The simulations were carried out on a single unit cell.
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