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ABSTRACT: Three hypothetical mechanisms of detachment
were incorporated into a three-dimensional computer
model of biofilm development. The model integrated pro-
cesses of substrate utilization, substrate diffusion, growth,
cell advection, and detachment in a cellular automata frame-
work. The purpose of this investigation was to characterize
each of the mechanisms with respect to four criteria: the
resulting biofilm structure, the existence of a steady state, the
propensity for sloughing events, and the dynamics during
starvation. The three detachment mechanisms analyzed
represented various physical and biological influences
hypothesized to affect biofilm detachment. The first invoked
the concept of fluid shear removing biomass that protrudes
far above the surface and is therefore subjected to relatively
large drag forces. The second pathway linked detachment to
changes in the local availability of a nutrient. The third
pathway simulated an erosive process in which individual
cells are lost from the surface of a biofilm cell cluster. The
detachment mechanisms demonstrated diverse behaviors
with respect to the four analysis criteria. The height-depen-
dant mechanism produced flat, steady state biofilms that
lacked sloughing events. Detachment based on substrate
limitation produced significant sloughing events. The result-
ing biofilm structures included distinct, hollow clusters
separated by channels. The erosion mechanism produced
neither a non-zero steady state nor sloughing events. A
mechanism combining all three-detachment mechanisms
produced mushroom-like structures. The dynamics of bio-
film decay during starvation were distinct for each detach-
ment mechanism. These results show that detachment is a
critical determinant of biofilm structure and of the dynamics
of biofilm accumulation and loss.
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Introduction

Planktonic microorganisms are typically easily understood.
They do not employ complicated or diverse methods of
growth, are easily eradicated with antimicrobials or biocides,
and do not demonstrate sophisticated mechanisms of
dispersal. However, these same microorganisms often will
attach to wetted surfaces and form biofilms. Biofilm
formation affords protection from antimicrobial challenges
(Mah and O’toole, 2001; Stewart and Costerton, 2001),
the potential for metabolic cooperation between species
(Hall-Stoodley et al., 2004), and relative stability of the
physical and chemical environment. Likewise, microorgan-
isms also will detach from biofilms and return to the
planktonic state. Detachment, or dispersal, is an important
process that allows an organism the possibility of traveling to
and colonizing a new location. Detachment also balances
growth and so determines the net accumulation of biomass
on the surface. Detachment is surely a critical determinant
of microbial ecology and activity in many natural and
engineered environments where biofilms form (Rittmann,
1989; Stewart, 1993).

The motivation behind research on biofilm detachment
varies widely. Detachment studies can focus on discovering
new approaches for controlling detrimental biofilms (Van
der Borden et al., 2005; Xavier et al., 2005), improving
biological reactor design for treating wastewater (Eker and
Kargi, 2006; Gonzalez-Brambila et al., 2006; Odegaard,
2006; van Loosdrecht and Salem, 2006), or developing
insight into the metastasis of infections within the human
body (Fux et al., 2004; Khardori and Yassien, 1995; Wilson
et al., 2004).

The biological, chemical, and physical factors that drive
detachment are complex and incompletely understood.
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Some of the phenomena or cues that are probably involved
in detachment mechanisms include: degradation of the
extracellular polymeric substances (EPS) constituting the
biofilm matrix (Allison et al., 1998; Kaplan et al., 2003),
presence of excess nutrients (Sauer et al., 2004), absence of
sufficient nutrients (Gjermansen et al., 2005; Hunt et al.,
2004; Jackson et al., 2002; Sawyer and Hermanowicz, 1998)
or oxygen (Thormann et al., 2005), production of an
autocidal protein (Mai-Prochnow et al., 2006), production
of biosurfactants (Boles et al., 2005; Davey et al., 2003;
Schoolin et al., 2004), quorum sensing (Dow et al., 2003;
Purevdorj-Gage et al., 2005; Rice et al., 2005; Vuong et al.,
2004), regulation by the secondary messenger cyclic di-GMP
(Gjermansen et al., 2006; Thormann et al., 2006), nitrosative
stress (Barraud et al., 2006), hydraulic shear and normal
forces (Guillemot et al., 2006; Liu and Tay, 2001; Manz et al.,
2005), cation crosslinking (Banin et al., 2006; Chen and
Stewart, 2002; Turakhia et al., 1983), sloughing (Applegate
and Bryers, 1991; Howell and Atkinson, 1976; Telgmann
et al., 2004), and erosive action (Bester et al., 2005; Gikas and
Livingston, 2006; Nicolella et al., 1997). Judging from the
length and variety of phenomena hypothesized as factors in
biofilm detachment, one can anticipate that there are
multiple detachment mechanisms, each of which may be
multifactorial.

The absence of a single pathway to understanding biofilm
detachment is reflected in the wide variety of mathematical
submodels that have been proposed to describe detachment.
It is worth noting that a number of important multi-
dimensional biofilm models neglect detachment entirely
(Eberl et al., 2001; Kreft et al., 2001; Noguera et al., 1999;
Picioreanu et al., 1999; Wimpenny and Colasanti, 1997).
Others neglect cells that move out of the model domain
(Picioreanu et al., 1998, 2004) or consider detachment to be
subsumed in a general decay process (Dockery and Klapper,
2001; Pizarro et al., 2001).

The earliest detachment models were those based on
concepts of fluid shear (Peyton and Characklis, 1993;
Rittmann, 1982) in which the rate of detachment increases
with the distance above the substratum (Bryers, 1984;
Trulear and Characklis, 1982; Wanner and Gujer, 1986). A
common form assumes that detachment rate is proportional
to the square of the height above the substratum, a
functionality that has the practical advantage of ensuring a
steady state (Stewart, 1993). Shear models of detachment in
which a key variable is height continue to be widely and
successfully employed in biofilm modeling (e.g., Xavier
et al., 2005a,b). One particularly elegant model computa-
tionally solved the fluid hydrodynamics around the biofilm,
calculated internal stresses in the biofilm treating the biofilm
as an elastic solid, and allowed for biofilm detachment via
adhesive or cohesive failure (Picioreanu et al., 2001).

A few biofilm models have made detachment rates
dependent on the local concentration of a metabolic
substrate or product. Several studies specifically link
detachment to nutrient deprivation (Chambless et al.,
2006; Hunt et al., 2004; Luna et al., 2004). Hunt et al. (2003)
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investigated biofilm dynamics using a detachment function
that depended on the concentration of a metabolic product,
an approach that simulates the hypothetical accumulation of
a quorum sensing signal as an impetus for detachment.
Xavier et al. (2005) implemented a detachment function that
allowed for an externally added agent to degrade the
mechanical cohesiveness of the biofilm matrix and thereby
increase local detachment.

Some multidimensional biofilm models have prescribed
an erosive detachment mechanism in which individual cells
are lost from the surface of the biofilm (Hermanowicz, 2001;
Laspidou and Rittmann, 2004). We note that 1D models of
biofilm formation have never employed surface erosion
models of detachment that are independent of height. The
likely reason for this is that a purely erosive model cannot
produce a non-zero steady state. The rate of erosion from a
flat surface is constant. A biofilm that begins to grow when
the simulation starts will continue to grow indefinitely. A
biofilm that begins to erode away at the outset will decay
away to a bare substratum. A relevant question is whether
the same outcomes are expected in biofilm models of higher
dimensionality.

In this study, we have focused on three conceptually
distinct pathways of detachment. The first invokes the
concept of fluid shear removing biomass that protrudes far
above the surface and is therefore subjected to relatively
large drag forces. The second pathway links detachment to
changes in the local availability of a nutrient. The third
pathway attempts to simulate an erosive process in which
individual cells are lost from the surface of a biofilm cell
cluster. Each detachment mechanism was investigated
computationally using a hybrid cellular automata model
called BacLAB. The purpose of this study was to characterize
each of the hypothetical mechanisms with respect to four
criteria: the resulting biofilm structure, the existence of a
steady state, the propensity for sloughing events, and the
behavior during starvation. The overall goal of this project
was to compare the qualitative behaviors predicted in
simulations using the three detachment mechanisms and to
demonstrate that the choice of detachment mechanism can,
by itself, profoundly influence biofilm structure and
dynamics.
Materials and Methods

Description of BacLAB Model

The BacLAB computer model used in this investigation has
been described in three prior publications (Chambless et al.,
2006; Hunt et al., 2003, 2004). The model integrated
processes of substrate utilization, substrate diffusion,
microbial growth, advective displacement of biomass, and
detachment in a cellular automata framework. The
distribution of the soluble substrate was modeled using
discretized differential equations describing simultaneous
reaction and diffusion while the individual microorganisms
DOI 10.1002/bit



that compose the biofilm were modeled discretely using a
cellular automata algorithm. A cellular automaton is an
independent unit, here equated to a microbial cell and its
associated matrix material, which follows certain behavioral
rules. In BacLAB, a biofilm cell can occupy fixed nodes on a
regular three-dimensional (3D) grid. When a cell has
consumed sufficient substrate to divide, a daughter cell is
generated and placed in an adjoining node. Growth can lead
to the displacement of neighboring cells when there is no
empty adjoining node to receive the daughter. This
displacement is analogous to the process of biomass
advection as articulated by Wanner and Gujer (1986). A
cell can detach, in which case it is removed entirely from the
model space. When a biofilm cell (or cluster of cells) no
longer has an unbroken chain of occupied automata nodes
leading back to the substratum, the cell (or cluster) is
removed from the model space and considered to have
detached. In this way it is possible for a single detaching cell
to precipitate the release of an aggregate of cells. Neither
fluid flow nor the EPS of the biofilm were explicitly included
in the model. Cellular automata models can produce
realistic, structurally heterogeneous biofilms (Chambless
et al., 2006; Eberl et al., 2000; Hunt et al., 2004; Noguera
et al., 1999; Picioreanu et al., 1998b). In these computer
simulations, biofilm structure and activity evolve from the
interactions between cells, emulating how bacterial cells
organize themselves into biofilms. Parameter values are
summarized in Table I. The following subsection explains
the conceptual basis, and mathematical implementation, of
each detachment mechanism explored in this study.
Mechanism Descriptions

Each detachment mechanism modeled here was based
conceptually on a single factor hypothesized to influence
detachment. The mechanisms were modeled individually to
characterize their behavior with respect to the four criteria
mentioned above. An additional analysis examined a
mathematical description of detachment that combined
the three individual mechanisms.
Table I. Summary of parameters used in the BacLAB model.

Parameter

Maximum specific growth rate

Time step

Bulk substrate concentration

Diffusivity of substrate in aqueous phase (including the liquid, channels, and

Relative effective diffusivity of substrate in biofilm

Substrate Monod half saturation coefficient

Average cell mass

Initial number of colonies

Number of nodes in x-direction

Number of nodes in y-direction

Radius of initial colonies

Biomass yield (gX) per gram of substrate (gS)
Shear Detachment

This mechanism is the classic model of biofilm detachment
and reflects, in an empirical fashion, the influence of fluid
shear (Bryers, 1984; Guillemot et al., 2006; Manz et al., 2005;
Stewart, 1993). As the clusters of a biofilm grow taller, they
are subjected to elevated shear forces from the movement of
the bulk liquid. In order to simulate this effect, the
probability of a cell detaching was made proportional to the
square of its height above the substratum. The choice of
squared dependence on height is empirical. We made this
choice because this formulation has been used both in prior
seminal 1Dmodeling studies (Wanner and Gujer, 1986) and
in more recent 3D treatments (Xavier et al., 2005a,b). A
squared dependence on height has the advantage of ensuring
a steady state (Stewart, 1993). In mathematical terms the
shear detachment relationship is given by:

P ¼ KS � Dt �
z

Zmax

� �2

(1)

where P is the probability of a given cell detaching, Dt is the
length of each timestep, KS is the detachment coefficient, z is
the height of the biofilm cell, and Zmax is the maximum
height allowed by the model. The inclusion of Zmax forces
the growth of the biofilm to stay within the confines of the
model space.

One of the conceptual barriers to using Equation (1) is
that a cell deep in the interior of a cell cluster can detach. The
probability of detachment depends only on height above the
substratum, not on position within the biofilm structure.
One can question how a cell can be ‘‘sheared’’ from the
interior of a cell cluster without disturbing its neighbors.
This is plainly not physically realistic at the individual cell
level. On the other hand, a cell in the interior of a cell cluster
can be removed by shear if it is stripped by fluid forces as
part of an aggregate of cells. Modeling often involves
simplifications that capture global properties of a phenom-
enon in ways that avoid undue complexity. The concept that
cells that are further from the substratum are more likely to
be detached is a reasonable concept, and Equation (1)
implements this concept in a simple fashion.
Symbol Value Unit(s)

mS,max 0.3 h�1

Dt 1.0 h

CS,bulk 8.0 gm�3

voids DS,aq 7.2� 10�6 m2 h�1

DS,e/DS,aq 0.55

KM 0.1 gm�3

mavg 1.75� 10�13 g

Nc 28

Nx 300

Ny 300

Rc 8.55� 10�6 m

YXS 0.24 gX g
�1
S
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Table II. Parameter values related to each detachment mechanism.

Parameter Symbol Value Unit(s)

Maximum height allowed by model Zmax 256� 10�6 m

Starvation threshold concentration Cs,min 0.1 gm�3

Maximum number of neighbor cells Nmax 28
Substrate Limited Detachment

The substrate limited mechanism simulates the possibility of
deterioration of the biofilm in regions that are subjected to
prolonged substrate limitation (Rice et al., 2005). This
deterioration, and subsequent detachment, could be due to
phenomena such as cell lysis or degradation of the
extracellular matrix of the biofilm. We have not attempted
to simulate the specifics of this pathway, as these remain
uncertain. A simple timing function for cell detachment was
implemented. When the local concentration of substrate
around a biofilm cell dropped below a user-specified
minimum (CS,min) for an extended period of time (tdetach),
the cell detached from the biofilm. We began our analysis
with this version of the substrate limited detachment model
because this is the detachment mechanisms that was
implemented in two previous BacLAB studies (Chambless
et al., 2006; Hunt et al., 2004). Later we describe a
probabilistic variation of the substrate limited detachment
model.

The substrate limited detachment mechanism can be
expected to lead to detachment occurring from the interior
of cell clusters where substrate concentrations are lowest.
Here again is a physical paradox. How can a loose cell escape
when it is surrounded by intact biofilm? It is perhaps most
realistic to consider the early hollowing that occurs in a cell
cluster to be due to cell lysis rather than detachment (Stewart
et al., 2007;Webb et al., 2003). Later in the process, when the
hollowed interior communicates with the bulk fluid, true
detachment would be possible.
Erosion Detachment

The third mechanism addresses erosion. This mechanism
focuses on the possibility of single cell detachment from the
surfaces of the biofilm. In order to model this effect, the
detachment probability of a cell was made inversely
proportional to the number of neighboring cells. The
equation used to determine detachment probabilities in this
mechanism was:

P ¼ Ke � Dt � 1� n

Nmax

� �
(2)

where P is the probability of detachment of an individual
cell, Dt is the length of each timestep, Ke is the detachment
coefficient, n is the cell’s neighbor count, and Nmax is the
maximum number of neighbors possible. From this
equation it is easily seen that only cells located at the
biofilm-bulk fluid interface were able to detach. A condition
for detachment within this mechanism is that the cell be
surrounded by a minimum number of unoccupied nodes
before detaching. A cell must have at least nine vacant nodes
surrounding it, the equivalent of one completely exposed
face, before detachment can occur.

The erosion detachment mechanism does not incorporate
any influence of the exposure of the local biofilm surface to
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fluid shear. A cell at the top of a tall cell cluster that has five
neighboring cells has the same probability of detaching as
does a cell near the base of the biofilm that has five
neighbors.

The parameters related to each of the three detachment
mechanisms are summarized in Table II.
Model Analysis

For each detachment mechanism, three experimental sets of
simulations were performed: (1) the first set established the
mechanism’s ability to produce a steady state, and provided
the resulting biofilm structure, using several rates of
detachment, (2) the second set determined the propensity
for sloughing events, and (3) the third set provided the
results required to elucidate the behavior during starvation.
The simulations in the first set of experiments were each
controlled by a different rate of detachment respective to the
particular mechanism. The number of simulations per
experiment varied for each mechanism. Amechanism is said
to have a steady state if it reaches a stable total cell density at
some point during the simulation, and perturbations from
this level are less than 5% of the total density over the next
100 h. For the second set of experiments, a single
detachment rate was chosen from the first set and six
replicate simulations were performed to determine the
propensity for sloughing events. The definition of a
sloughing event is the same as that used in our previous
paper (Hunt et al., 2004), that is, greater than 50% of
biomass removed in one time step. The third and final set of
experiments used the same detachment rate as the second
set, and also consisted of six replicates. Starvation conditions
in this final set of experiments were applied when the biofilm
reached a steady state by removing all substrate from the
model space for the remainder of the simulation. Replicate
simulations are employed due to the stochastic nature of
the mechanisms and the model. Differences between
replicate simulations arise, despite identical model para-
meter values, because of the random initial distribution of
cells on the substratum, the random nature of cell
displacement resulting from growth of neighboring cells,
and the probabilistically driven detachment functions.
Each simulation in each of the experimental sets ran for
500 h.

Two of the three mechanisms, erosion and shear, execute
cell removal via a comparison between a calculated
detachment probability and a random number. During
each time step, all cells in the simulation generate a random
DOI 10.1002/bit



Figure 1. Typical simulation of biofilm development using the shear detachment mechanism. Microcolonies initially present merged into a confluent flat slab biofilm. This

mechanism consistently produced biofilm structures lacking complex morphological features. Time is indicated in hours. [Color figure can be seen in the online version of this

article, available at www.interscience.wiley.com.]
number from a uniform distribution on the interval [0,1].
If the calculated detachment probability is greater than
this random number, and each of the other mechanism-
specific conditions necessary for detachment are satisfied,
the cell detaches from the biofilm. The final mechanism,
substrate limitation, draws on a simple cause and effect
relationship. Essentially, cells detach from the biofilm after
they have been starved of substrate for a particular period of
time.
Results

The purpose of this investigation was to characterize each of
three hypothetical detachment mechanisms with respect to
four criteria: the resulting biofilm structure, the existence of
a steady state, the propensity for sloughing events, and the
behavior during starvation. The results of this analysis are
presented in this section.
Shear Detachment

Structure

Simulations of the shear detachment mechanism consis-
tently produced flat slab biofilms (Fig. 1). Such features as
clusters, towers, and channels were never observed in the
steady-state structures. The height of the biofilm at steady
state could be controlled by the value of the detachment
coefficient (KS).
Steady State

A clear steady state was consistently achieved in simulations
tracking the overall biofilm cell count versus time (Fig. 2A).
Figure 2. Seven simulations of the shear mechanism with seven different values

of the detachment rate coefficient each provided a steady state cell density (A). Six

replicate simulations of the shear mechanism with KS¼ 5.0 showed zero sloughing

events (B). Starvation conditions were introduced at hour 200 for each of six replicate

simulations (C). This resulted in a decelerating, quadratic rate of decay that never

completely removed the biofilm from the substratum. [Color figure can be seen in the

online version of this article, available at www.interscience.wiley.com.]
Sloughing

Replicate simulations using a single value of the shear
detachment coefficient exhibited a high degree of similarity,
even though the initial cell count and colony placement were
randomly determined (Fig. 2B). The biofilm grew exponen-
tially until cells began to reach a particular height. Biofilm
accumulation stalled at this height, creating a flat slab of
cells. This mechanism showed no signs of sloughing.
Starvation

Biofilms generated by the shear detachment mechanism
decayed in a uniform fashion when substrate was removed
from the system (Fig. 2C). At hour 200 the model space was
cleared of all substrate, and the biofilm immediately began
to decay. As could be anticipated from a mechanism
Chambless and Stewart: Modeling Biofilm Detachment 1577
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Figure 3. Typical simulation of biofilm development using the substrate limitation mechanism. These simulations produced towering, hollow structures that were loosely

anchored to the substratum (red arrow) and that were prone to sloughing events. Biofilm growth renewed after sloughing events. Time is indicated in hours. [Color figure can be

seen in the online version of this article, available at www.interscience.wiley.com.]
involving height-squared detachment, the decay was
approximately quadratic. Again, no major sloughing events
were observed, only a slow but steady decrease in the cell
count. From the diminishing slope of the curve, it seems that
this mechanism would predict extremely long starvation
times in order to completely remove the biofilm. An
additional simulation was performed to test this hypothesis.
The end result showed that this mechanism did not exhibit
complete removal even after 1,300 h of substrate starvation.
Figure 4. Seven simulations of the substrate limitation mechanism with seven

different values of the detachment rate coefficient provided a pseudo steady state cell

density despite the occurrence of sloughing events (A). Six replicate simulations using

a single detachment time of 24 h each produced one or more major sloughing events,

though the nature and timing of the event were unpredictable (B). Twenty-four hours

after starvation conditions were imposed at 200 h, all cells simultaneously detached

from the substratum (C), precluding the opportunity for regrowth. [Color figure can be

seen in the online version of this article, available at www.interscience.wiley.com.]
Substrate Limitation

Structure

The substrate limitation mechanism produced structures
(Fig. 3) that were analogous to the swarming and hollow
clusters found in some experimental studies (Boles et al.,
2005; Kaplan et al., 2003b; Purevdorj-Gage et al., 2005;
Stapper et al., 2004). Substrate limitation in the lower
regions of the biofilm caused cells to detach, leaving hollow,
towering clusters that were loosely tethered to the
substratum. Hollow regions in time expanded to the point
that they communicated with the bulk fluid. As the biofilms
continued to grow taller and thus create diminished
substrate concentrations near the substratum, nearly all
cells in the lower strata of the biofilm detached due to
limited availability of nutrients.

Steady State

Several detachment times (tdetach) were simulated with this
mechanism, each one demonstrating a pseudo steady state
(Fig. 4A). Please recall that tdetach is the period the local
substrate concentration around a cell must be continuously
below the minimum threshold concentration, CS,min, before
the cell detaches. A pseudo steady state is in effect when two
cell densities separated by 100 h are within 5% of each other,
despite the occurrence of sloughing events.

Sloughing

Replicate simulations using a single detachment time of 24 h
each produced one or more major sloughing events, though
the size and timing of the events were unpredictable
(Fig. 4B). Bear in mind that the model’s stochastic
1578 Biotechnology and Bioengineering, Vol. 97, No. 6, August 15, 2007
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Figure 5. Response of biofilm formed using an alternative version of the

substrate limitation detachment mechanism to starvation conditions. Six simulations

of the substrate limitation mechanism were performed in which the detachment was

not based on a timing function, but instead probabilistically tied to local substrate

concentrations. Starvation conditions imposed at 200 h still lead to a steep loss of cell

density, though less abrupt than the version presented in Figure 4C. [Color figure can

be seen in the online version of this article, available at www.interscience.wiley.com.]
components allowed differences to arise in replicate
simulations with equal parameters. The substrate limitation
mechanism was the only mechanism to provide significant
variability among the replicate simulations. An important
observation is that none of the sloughing events led to
complete removal of the biofilm.

Starvation

At hour 200 of each simulation shown in Figure 4C the
model space was cleared of all substrate. The biofilm soon
began to decay, and 24 h later, for each simulation, all cells
simultaneously detached. Complete detachment precludes
any chance of renewed growth if substrate were to be
reintroduced. This extensive, sudden detachment may not
be realistic. In order to further address this issue, we
performed six additional simulations in which the detach-
ment was not based on a timing function, but was instead
probabilistically driven via a comparison between local
substrate concentrations and the bulk substrate concentra-
tion. This version of the mechanism posited a higher
probability of detachment for cells that were starved of
substrate, as compared to those that had ample local
Figure 6. Typical simulation of biofilm development using the erosion mechanism. Th

produced by the substrate limitation mechanism, no signs of cluster hollowing were obser

article, available at www.interscience.wiley.com.]
substrate available. The equation describing this mechanism
is:

P ¼ Ksub � Dt � 1� CS

CS;bulk

� �
(3)

where P is the probability of a cell detaching, Ksub is the
detachment coefficient, Dt is the length of each timestep, CS

is the local substrate concentration for the cell, and CS,bulk is
the bulk substrate concentration. This version of the
substrate limited detachment still led to a steep loss of cell
density during starvation, but the detachment was less
abrupt (Fig. 5).
Erosion

Structure

The erosion mechanism produced tall, towering structures
similar to those of the substrate limited mechanism, but did
not demonstrate any signs of cluster hollowing (Fig. 6).
Hollowing would not be expected since the inner cells are
completely surrounded by neighbors, and, based on
Equation (2), have a detachment probability of zero. The
structures resemble confocal microscope images of Pseu-
domonas aeruginosa biofilms taken in some experimental
studies (Klausen et al., 2003).
Steady State

The erosion mechanism did not produce a non-zero steady
state. If the erosive detachment coefficient Ke was too large,
the biofilm decayed completely; if it was too small, the
biofilm achieved unrestricted growth (Fig. 7). Despite the
intriguing structures produced by this mechanism, we did
not attempt to analyze erosion detachment any further due
to the inability of the mechanism to produce a steady state.
Combined Detachment Mechanism

After performing the starvation experiments with the
probabilistic substrate limited mechanism, and in the
is detachment mechanism produced distinct towering structures. Unlike the clusters

ved. Time is indicated in hours. [Color figure can be seen in the online version of this
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Figure 7. Seven simulations of biofilm development using the erosion detach-

ment mechanism with different values of the detachment rate coefficient. The erosion

mechanism did not produce a non-zero steady state. Some simulations decayed away

to bare substratum while others achieved unrestricted growth. [Color figure can be

seen in the online version of this article, available at www.interscience.wiley.com.]
interest of demonstrating that the erosion mechanism could
be a contributing factor in biofilm detachment, we set out to
learn what behavior would result from a combined
mechanism that included the erosion, shear, and probabil-
istic substrate limitation mechanisms. The combined
detachment was based on the summation of each separate
mechanisms’ probability of detachment, as shown in
Equation (4):

P ¼ Dt �
"
KS �

 
z

Zmax

!2

þ Ke �
 
1� n

Nmax

!

þ Ksub �
 
1� CS

CS;bulk

!#
ð4Þ

where each parameter definition is consistent with those in
the previous three equations. All the conditional elements of
the previous, separate simulations also applied in these
simulations. In order to adequately combine these
mechanisms, a single modification of the detachment
probability was executed; namely, the detachment prob-
ability resulting from erosion was set equal to �1 if the cell
did not meet the minimum vacant nodes criteria.
Essentially, this modification provided a neighbor-based
‘‘cohesiveness’’ adjustment to the probability of detachment
Figure 8. Typical simulation of biofilm development using the combined detachment

towering clusters, minor sloughing events, and a ‘‘necking’’ phenomenon exemplified by thin

[Color figure can be seen in the online version of this article, available at www.interscie
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that severely decreased the likelihood of a cell detaching
when it was surrounded by many neighboring cells. Also, to
keep the number of simulations at an acceptable level the
detachment coefficients were not varied individually; that is,
all coefficients were equal during each particular simulation.
Each simulation in each experimental set ran for 700 h.
Structure

Combining the three mechanisms generated tall, mush-
room-like structures (Fig. 8), somewhat similar to those of
the erosion mechanism. The mechanism featured towering
clusters, minor sloughing events, and a ‘‘necking’’ phenom-
enon exemplified by thin stalks supporting large, spheroidal
cell masses.
Steady State

Eight simulations were performed in this first experimental
set, five of which reached a steady state (Fig. 9A).
Simulations with coefficients equal to or greater than 0.35
decayed away before a stable cell count could be achieved.
The simulation using a coefficient of 0.05 exceeded the
upper limit of the model space, causing it to terminate
before reaching 700 h.
Sloughing

Replicate simulations using detachment coefficients equal to
0.125 provided two instances of a sloughing event that
removed 50% of the total biomass (Fig. 9B). Sloughing
occurred in this mechanism due to the ‘‘necking’’
phenomenon, where the large mass of cells at the top of
a cluster was released when the neck of the cluster pinched
off (Fig. 10). Each simulation seemed to reach a maximum
cell density, followed by a slow, natural decay resulting from
an increase in substrate-limited- and erosion-driven cell
removal at the bases of the biofilm clusters.
Starvation

Due to the late-occurring steady state of this mechanism, the
starvation conditions were imposed at hour 400 instead of
hour 200. With a detachment coefficient of 0.125 the shape
of the starvation curve was concave down, indicating an
mechanism. These simulations generated tall, mushroom-like structures that featured

stalks supporting large, spherical cell masses (red arrows). Time is indicated in hours.

nce.wiley.com.]
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Figure 9. Eight simulations of the combined detachment mechanism with

different values of the detachment rate coefficient. Five simulations reached a steady

state, whereas simulations with coefficients greater than 0.25 decayed away (A). Two

of the six replicate simulations using detachment coefficients equal to 0.125 produced

a sloughing event of greater than 50% of the total biomass (B). Starvation conditions

imposed at 400 h lead to concave down curvature in the cell density versus time

trajectory, indicating an accelerating rate of attrition (C). All cells were eventually

removed from the model space. [Color figure can be seen in the online version of this

article, available at www.interscience.wiley.com.]

Figure 10. Example of a sloughing event in a simulation using the combined

detachment mechanism. Sloughing occurred in this mechanism due to the ‘‘necking’’

phenomenon, where the large mass of cells at the top of a cluster was released when

the neck of the cluster pinched off (location of detached cluster indicated by red

arrows). Time is indicated in hours. [Color figure can be seen in the online version of

this article, available at www.interscience.wiley.com.]
accelerating rate of attrition (Fig. 9C). Detachment during
the starvation period caused several small sloughing events,
along with the overall shrinking of all cell clusters. Complete
cell removal was accomplished for each simulation within
330 h of the onset of starvation conditions.
Discussion and Conclusion

We have analyzed the simulated behavior resulting from
four different mathematical descriptions of detachment
incorporated in a 3D cellular automata biofilm model in
which all other parameter values were held constant. Each
detachment mechanism resulted in distinct structural and
dynamic features (Tab. III). One obvious conclusion is that
the choice of specific detachment pathway alone can
significantly influence biofilm structure and dynamic
behavior. We are not aware of prior biofilm modeling
studies that have performed such a side-by-side comparative
analysis of different detachment models in which other
parameter values are fixed.

Perhaps the most similar prior work to our study is that of
Xavier et al. (2005). In that investigation, the authors
demonstrated that a change in the magnitude of a single
detachment rate coefficient could completely change the
steady-state structure and dynamics of the biofilm.
Hermanowicz (2001) also reported modest changes in
biofilm structure predicted by a 2D model as the magnitude
of a detachment coefficient was varied. The Xavier et al.
report underscores the possibility that very different biofilm
structures can arise with a single detachment mechanism.
Thus, while we have demonstrated here that the specific
detachment mechanism is important, there are other
features of the system, such as the degree of external mass
transfer resistance, that also influence biofilm structure.

It is surprising that many of the prior multidimensional
biofilm modeling studies do not directly address the
question of whether the model produces a steady state. A
number of these studies do not include detachment at all
(Eberl et al., 2001; Kreft et al., 2001; Noguera et al., 1999;
Picioreanu et al., 1999; Wimpenny and Colasanti, 1997); a
steady state is impossible. Others do not simulate
detachment but rely on a subtractive decay process to
balance growth (Dockery and Klapper, 2001; Pizarro et al.,
2001). It is our contention that models in which detachment
Chambless and Stewart: Modeling Biofilm Detachment 1581
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Table III. Summary of results for each mechanism.

Mechanism Structure Existence of steady state Propensity for sloughing Starvation behavior

Shear Flat slabs Steady state achieved, regardless of

the detachment coefficient

None Quadratic, decelerating

decay

Substrate

Limitation

Towering clusters with hollow

interiors, loosely anchored to

the substratum

Pseudo-steady state, equal cell

densities often separated by

substantial sloughing events

Sloughing with seemingly

random timing and size

All cells detached 24 h into

starvation period

Erosion Towering clusters with slight

necking effects

No non-trivial steady state Not tested Not tested

Combined Towering clusters with necking

effects and base shrinkage

Steady state achieved with

detachment coefficients less

than or equal to 0.25h-1

Two sloughing events

observed in six replicate

simulations

Accelerating rate of decay

leading to complete removal
occurs purely by surface erosion and is made independent of
the distance above the substratum (e.g., Hermanowicz,
2001; Laspidou and Rittmann, 2004; and our erosion
mechanism) cannot attain a non-zero steady state. This is
based on the expectation that the surface area to volume
ratio of biomass in the biofilm is greatest in the early stages
of cell attachment and erosion will be proportionally large at
this early stage. If the biofilm enlarges from this stage, it will
continue to do so. There are two elegant, multidimensional
modeling studies that address long-term behavior and
demonstrate the potential for a noisy steady-state (Picior-
eanu et al., 2001; Xavier et al., 2005).

We have characterized the dynamic behavior of simulated
biofilms in response to starvation, an analysis of which we
are aware of no precedent in the literature. In starvation
mode, growth is eliminated and the dynamic behavior is
determined by detachment and decay processes alone. We
suggest that this may be an informative experimental design
for gathering clues about the nature of the detachment
process. For example, it might be possible to discriminate
between detachment dominated by a shear pathway and
detachment dominated by a substrate limitation pathway
with a starvation experiment. In starvation mode, our
simulations suggest that the rate of biomass loss continually
slows with a shear mechanism, whereas the rate continually
increases with a substrate limitation mechanism.

We conclude with a few additional remarks about the
three primary detachment mechanisms investigated in this
work, beginning with the shear mechanism. The explanation
for the lack of sloughing events observed with this
detachment pathway is presumably that the detachment
probability of individual cells near the substratum is so
small, due to their low height, that the chance of an entire
group of these cells simultaneously detaching is miniscule. A
biofilm in which detachment is governed by a height-
dependant shear mechanism could be particularly difficult
to remove completely using antimicrobial and physical
treatments. As the biofilm gets thinner, the rate of
detachment slows and the residual biomass will persist.

The substrate limitation detachment mechanism pro-
duced hollow cell clusters and, later, cell clusters that were
held to the substratum through thin contacts at the
periphery of cluster. As the biofilm matures, cells in the
deep interior of cell clusters are the first to experience
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prolonged substrate limitation and hence the first to detach.
It may be appropriate to think of these lost cells as having
lysed rather than detached since there is no path for physical
release of cells from the interior of the cluster to the bulk
fluid at the early stages of the hollowing process. As the
biofilm continues to mature, however, the hollow interior
expands until it communicates with the bulk fluid. Cells at
the edge of the cell cluster, including those very close to the
substratum have more substrate and are somewhat less likely
to detach. This leads to the formation of umbrella-shaped
structures that are loosely tethered at a few contact points
around the edge of the cell cluster. The substrate limitation
mechanism gives rise to sloughing events when these
structures finally detach as one unit. Significant sloughing
events were only observed when substrate limitation was
included in the detachment model.

The erosion mechanism implemented in this study was
independent of height above the substratum. This is likely an
inadequate and unrealistic formulation. As discussed above,
a purely erosive mechanism does not lead to non-zero steady
states. When implemented in combination with height
dependence, erosion detachment can lead to necked towers
or mushrooms as described by Xavier et al. (2005b) and as
shown in Figure 10. This shape arises when a cell cluster
becomes tall enough that the lower portions of the cluster
are substrate limited and therefore little new growth occurs.
In these mid-portions of the cluster, erosion will cause the
cluster to thin, generating a mushroom. Even though
models generate mushroom-shaped structures resembling
those seen by experimenters, this does not prove that this is
the actual mechanism of formation of such structures.
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