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Abstract 25 
Many bacteria are adapted for attaching to surfaces and for building complex communities, 26 
termed biofilms. The biofilm mode of life is predominant in bacterial ecology. So, too, is 27 
exposure of bacteria to ubiquitous viral pathogens, termed bacteriophages. Although biofilm-28 
phage encounters are likely to be very common in nature, little is known about how phages 29 
might interact with biofilm-dwelling bacteria. It is also unclear how the ecological dynamics of 30 
phages and their hosts depend on the biological and physical properties of the biofilm 31 
environment. To make headway in this area, here we develop the first biofilm simulation 32 
framework that captures key features of biofilm growth and phage infection. Using these 33 
simulations, we find that the equilibrium state of interaction between biofilms and phages is 34 
governed largely by nutrient availability to biofilms, phage infection likelihood, and the ability of 35 
phages to diffuse through biofilm populations. Interactions between the biofilm matrix and 36 
phage particles are thus likely to be of fundamental importance, controlling the extent to which 37 
bacteria and phages can coexist in natural contexts. Our results open avenues to new 38 
questions of host-parasite coevolution in the spatially structured biofilm context. 39 
 40 
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Introduction 46 
Bacteriophages, the viral parasites of bacteria, are predominant agents of bacterial death in 47 
nature [1]. Their ecological importance and relative ease of culture in the lab have made 48 
bacteria and their phages a centerpiece of classical and recent studies of molecular genetics 49 
[2-6] and host-parasite coevolution [7-17]. This is a venerable literature with many landmark 50 
discoveries, the majority of which have focused on bacteria-phage interaction in liquid culture. 51 
In addition to living in the planktonic phase, many microbes are adapted for interacting with 52 
surfaces, attaching to them, and forming multicellular communities [18-23]. These 53 
communities, termed biofilms, are characteristically embedded in an extracellular matrix of 54 
proteins, DNA, and sugar polymers that play a large role in how the community interacts with 55 
the surrounding environment. 56 
 Since growth in biofilms and exposure to phages are common features of bacterial life, 57 
we can expect biofilm-phage encounters to be fundamental to microbial natural history [24-58 
29]. Furthermore, using phages as a means to kill unwanted bacteria – which was eclipsed in 59 
1940 by the advent of antibiotics in Western medicine – has experienced a revival in recent 60 
years as an alternative antimicrobial strategy [30-35]. Understanding biofilm-phage 61 
interactions is thus an important new direction for molecular, ecological, and applied 62 
microbiology. Existing work suggests that phage particles may be trapped in the extracellular 63 
matrix of biofilms [36-38]; other studies have used macroscopic staining assays to measure 64 
changes in biofilm size before and after phage exposure, with results ranging from biofilm 65 
death, to no effect, to biofilm augmentation [39]. There is currently only a very limited 66 
understanding of the mechanisms responsible for this observed variation in outcome, and 67 
there has been no systematic exploration of how phage infections spread within living biofilms 68 
on the length scales of bacterial cells.  69 
 Biofilms, even when derived from a single clone, are heterogeneous in space and time 70 
[40, 41]. The extracellular matrix can immobilize a large fraction of cells, constraining their 71 
movement and the mass transport of soluble nutrients and wastes [20, 42]. Population spatial 72 
structure is of fundamental importance due to its impact on intra- and inter-specific interaction 73 
patterns [43, 44]. Furthermore, epidemiological theory predicts qualitative changes in 74 
population dynamics when host-parasite contact rate is not a simple linear function of host 75 
and parasite abundance [45], which is certainly the case for phages and biofilm-dwelling 76 
bacteria under spatial constraint. It is thus very likely that the interaction of bacteria and 77 
phages will be altered in biofilms relative to mixed or stationary liquid environments. This 78 
alteration could manifest owing to differences in phage diffusivity within biofilms, physical 79 
shielding of internal host populations by peripheral cells, differential speed of bacterial division 80 
versus phage proliferation, or other features of the biofilm mode of growth. Available literature 81 
supports the possibility of altered phage population dynamics in biofilms [14, 15, 46-48], but 82 
the underlying details of the phage-bacterial interactions have been difficult to access 83 
experimentally or theoretically. 84 
 Existing biofilm simulation frameworks are flexible and have excellent experimental 85 
support [49-54], but they become impractical when applied to the problem of phage infection 86 
[55]. We therefore developed a novel approach to study phage-biofilm interactions via 87 
spatially explicit simulations. We applied this new framework to explore population dynamics 88 
in a minimal system containing lytic phages and susceptible host cells. We find that nutrient 89 
availability and phage infection rates are critical control parameters of phage spread; 90 
furthermore, modest changes in the diffusivity of phages within biofilms can cause qualitative 91 
shifts toward stable or unstable coexistence of phages and biofilm-dwelling bacteria. The latter 92 
result implies a central role for the biofilm extracellular matrix in phage ecology, as it could 93 
significantly modify phage diffusion. A full understanding of the interactions between bacteria 94 
and their phages therefore requires explicit consideration of the biofilm mode of bacterial life.   95 
 96 
 97 
 98 
  99 
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Methods 100 
When phages are implemented as discrete individuals, the total number of independent 101 
agents in a single simulation on spatial scales of hundreds of bacterial cell lengths can rapidly 102 
reach many hundreds of thousands. Moreover, the time scale for calculating bacterial growth 103 
can be an order of magnitude larger than the appropriate time scale for phage replication and 104 
diffusion. These computational challenges limit the use of traditional biofilm simulations for 105 
studying phage infection [55, 56], and we therefore developed a new framework customized 106 
for biofilm-phage interactions. Our model combines (i) a numerical solution of partial 107 
differential equations to determine solute concentrations in space, (ii) a cellular automaton 108 
method for simulating biofilms containing a user-defined, arbitrary number of bacterial strains 109 
with potentially different properties, and (iii) an agent-based method for simulating diffusible 110 
phages (Figure 1).  111 
 The methods developed here are motivated by a well-developed and empirically 112 
supported family of biofilm simulation frameworks [50, 54, 55, 57], but with the addition of 113 
special modifications for implementing phage replication and diffusion. In the present study, 114 
we restrict ourselves to two-dimensional simulation spaces. In each simulation run, the 115 
simulation space (250 μm x 250 μm) is initiated with cells that are randomly distributed across 116 
the basal surface. The following steps are iterated until an exit steady-state criterion is met:  117 
 118 

– Compute nutrient concentration profiles 119 
– Compute bacterial biomass dynamics 120 
– Redistribute biomass according to cellular automaton rules (i.e., cell shoving) 121 
– Evaluate host cell lysis and phage propagation 122 
– Simulate phage diffusion to determine new distribution of phage particles 123 
– Assessment of match to exit criteria:  124 
 Coexistence: simulations reach a pre-defined end time with both bacteria and  125 
 phages still present (these cases are re-assessed for long-term stability); 126 
 Biofilm death: the bacterial population declines to zero; or  127 
 Phage extinction: no phages or infected biomass remain in the biofilm. 128 

 129 
As in previous biofilm simulation frameworks, bacteria grow and divide according to local 130 
nutrient concentrations, which are calculated to account for diffusion from a bulk nutrient 131 
supply and absorption by bacteria. Specifically, when nutrients are abundant, most cells in the 132 
biofilm can grow. When nutrients are scarce, they are depleted by cells on the outermost 133 
layers of the biofilm, and bacteria in the interior stop growing. Cells on the exterior of the 134 
biofilm can be eroded due to shear [58-61]. Implementing biomass removal by shear is critical 135 
in allowing us to study the long-term steady states of the system: without shear-induced 136 
sloughing, one is restricted to examining transient biofilm states [57, 62]. Furthermore, biofilm 137 
sloughing is critical to implementing loss of biofilm biomass when phage infections destroy 138 
biofilms with rough surface fronts (see below). Bacterial growth, decay, and shear are 139 
implemented according to supported precedents in the literature [62-65]. 140 
 Implementing phage infection, propagation, and diffusion is the primary innovation of 141 
the simulation framework we developed. To mimic phages that encounter a pre-grown biofilm 142 
after departing from a previous infection site, we performed our simulations such that biofilms 143 
could grow for a defined period, after which a single pulse of phages was introduced into the 144 
simulation space. During this pulse, lytic phages [24] are added to the simulation space all 145 
along the biofilm front. For every phage virion located in a grid-cell containing bacterial 146 
biomass, we calculate the probability of adsorption to a bacterial cell, which is a function of the 147 
infection rate and the number of susceptible hosts available in the particular grid-cell. Upon 148 
adsorption, the corresponding bacterial biomass is converted from uninfected to an infected 149 
state (Figure 1). Following an incubation period, the host cell lyses and releases progeny 150 
phages with a defined burst size. Here the burst size is fixed at an empirically conservative 151 
number, but we explore variation in burst size in a supplementary analysis (see below). 152 
Phages move within the biofilm and in the liquid medium by Brownian motion; the model 153 
analytically solves the diffusion equation of a Dirac delta function at each grid cell to build a 154 
probability distribution from which to resample the phage locations.  155 
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The way in which phages diffuse is likely to be important for how phage-biofilm 156 
interactions occur, and we devoted particular attention to building flexibility into the framework 157 
for this purpose. The diffusivity of phage particles is likely to decrease when they are 158 
embedded in biofilm matrix material, but the extent to which their movement is affected is not 159 
well understood. To study how phage movement inside biofilms influences phage infection 160 
dynamics, we introduce a parameter, Zp, which we term phage impedance. For Zp = 1, phage 161 
diffusivity is the same inside and outside of biofilms. As the value of Zp is increased, phage 162 
diffusive movement inside biofilms is decreased relative to normal aqueous solutions. 163 
Furthermore, theory predicts that it will be easier for a diffusing particle to enter a 3-164 
dimensional mesh maze, as one can consider the biofilm matrix, than it is for the same 165 
particle to exit the mesh [66, 67]. Our model of phage movement incorporates this predicted 166 
property of biofilm matrix material by making it easier for phages to cross from the surrounding 167 
liquid to the biofilm mass fraction than vice versa (see SI Text). We also explore the 168 
consequences of relaxing this assumption, such that phages can cross from the surrounding 169 
liquid to biofilm, and vice versa, with equal ease. 170 
 All model parameters, where possible, were set according to precedent in the 171 
experimental and biofilm simulation literature (see Table 1). To test the core dynamics of our 172 
framework, we compared the predictions obtained from the framework (using well-mixed 173 
nutrient, bacterial, and phage distributions) with results obtained from an ODE model 174 
incorporating the same processes and parameters as the simulations. These trials confirmed 175 
that the core population dynamics of the simulations perform according to expectation without 176 
spatial structure (see SI Text and Supplementary Figure S1). A detailed description of the 177 
simulation framework and explanation of its assumptions are provided in the Supplementary 178 
Material. The framework code can be obtained from the Zenodo repository: 179 
https://zenodo.org/record/268903#.WJho3bYrJHc.  180 
 181 
Computation 182 
Our hybrid framework was written in the Python programming language, drawing from 183 
numerical methods developed in the literature [68-70]. All data analysis was performed using 184 
the R programming language (see Supplementary Data). Simulations were performed en 185 
mass in parallel on the UMass Green High Performance Computing Cluster. Each simulation 186 
requires 4-8 hours to run, and more than 150,000 simulations were performed for this study, 187 
totaling over 100 CPU-years of computing time. 188 
 189 
Results 190 
A primary feature distinguishing biofilm populations from planktonic populations is spatial 191 
constraint and heterogeneity in the distribution of solutes, cell growth, and – we hypothesize – 192 
phage infection. Thus our goal in this study is to identify key parameter sets that influence 193 
phage-biofilm interactions, with particular focus on variable phage transport through biofilms. 194 
We began by exploring the different possible outcomes of phage infection and biofilms as a 195 
function of phage infectivity, before moving on to a more systematic study of phage transport, 196 
phage infection, and bacterial growth rates.  197 
 198 
(a) Stable states of bacteria and phages in biofilms 199 
Intuitively, the population dynamics of bacteria and lytic phages should depend on the relative 200 
strength of bacterial growth and bacterial removal, including erosion and cell death caused by 201 
phage infection and proliferation. We studied the behavior of the simulation by varying the 202 
relative magnitude of bacterial growth versus phage proliferation. In this manner, we could 203 
observe three broad stable state classes in the bacteria/phage population dynamics (Figure 204 
2). We summarize these classes here before proceeding to a more systematic 205 
characterization of the simulation parameter space in the following section.  206 
 207 
(i) Biofilm death  208 
If phage infection and proliferation sufficiently out-pace bacterial growth, then the bacterial 209 
population eventually declines to zero as it is consumed by phages and erosion (Figure 2A). 210 
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Phage infections progressed in a relatively homogeneous wave, if host biofilms were flat 211 
(Supplementary Video SV1). For biofilms with uneven surface topography, phage infections 212 
proceeded tangentially to the biofilm surface and "pinched off" areas of bacterial biomass, 213 
which were then sloughed away after losing their connection to the remainder of the biofilm 214 
(Supplementary Video SV2). This sloughing process eventually eliminated the bacterial 215 
population from the surface. 216 
 217 
(ii) Coexistence 218 
In some instances, both bacteria and phages remained present for the entire simulation run 219 
time. We found that coexistence could occur in different ways, most commonly with rounded 220 
biofilm clusters that were maintained by a balance of bacterial growth and death on their 221 
periphery (Supplementary Video SV3). When phage infection rate and nutrient availability 222 
were high, biofilms entered cycles in which tower structures were pinched off from the rest of 223 
the population by phage propagation, and from the remaining biofilm, new tower structures re-224 
grew and were again partially removed by phages (Figure 2B and Supplementary Video SV4). 225 
We confirmed the stability of these coexistence outcomes by running simulations for extended 226 
periods of time, varying initial conditions and the timing of phage exposure to ensure that host 227 
and phage population sizes either approached constant values or entrained in oscillation 228 
regimes (see below).  229 
 230 
(iii) Phage extinction 231 
We observed many cases in which phages either failed to establish a spreading infection, or 232 
declined to extinction after briefly propagating in the biofilm (Figure 2C). This occurred when 233 
phage infection probability was low, but also, less intuitively, when nutrient availability and 234 
thus bacterial growth were very low, irrespective of infection probability. Visual inspection of 235 
the simulations showed that when biofilms were sparse and slow-growing, newly released 236 
phages were more likely to be swept away into the liquid phase than to encounter new host 237 
cells to infect (Supplementary Video SV5). At a conservative maximum bacterial growth rate, 238 
biofilms were not able to out-grow a phage infection. However, if bacterial growth was 239 
increased beyond this conservative maximum, we found that biofilms could effectively expel 240 
phage infections by shedding phages into the liquid phase above them (Supplementary Video 241 
SV6). This result, and those described above, heavily depended on the ability of phages to 242 
diffuse through the biofilms, to which we turn our attention in the following section. 243 
   244 
(b) Governing parameters of phage spread in biofilms  245 
Many processes can contribute to the balance of bacterial growth and phage propagation in a 246 
biofilm [71, 72]. To probe our simulation framework systematically, we first chose control 247 
parameters with strong influence on the outcome of phage-host population dynamics. We then 248 
performed sweeps of parameter space to build up a general picture of how the population 249 
dynamics of the biofilm-phage system depends on underlying features of phages, host 250 
bacteria, and biofilm spatial structure.  251 
 We isolated three key parameters with major effects on how phage infections spread 252 
through biofilms [48, 72, 73]. The first of these is environmental nutrient concentration, ����, 253 
an important ecological factor that heavily influences biofilm growth rate. Importantly, varying 254 
���� not only changes the overall growth rate but also the emergent biofilm spatial structure 255 
[74, 75]. When nutrients are sparse, for example, biofilms grow with tower-like projections and 256 
high variance in surface height [76], whereas when nutrients are abundant, biofilms tend to 257 
grow with smooth fronts and low variance in surface height [72, 74, 76]. We computationally 258 
swept ���� values to vary biofilm growth from near zero to a conservative maximum allowing 259 
for biofilm growth to a height of 250 μm in 24 hours without phage exposure. The second 260 
governing parameter is phage infection probability, which we varied from 0.1% to 99% per 261 
phage-host encounter. Phage burst size is also important, but above a threshold value 262 
(approximately 100 new phages per lysed host), we found that its qualitative influence on our 263 
results saturated (Supplementary Figure S2). Lower burst sizes exerted similar effects to 264 
lowering the probability of phage infection per host encounter. Therefore, for simplicity in the 265 
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rest of the paper, we use a fixed burst size of 100, which is typical for model lytic phages such 266 
as T7 [77].  267 
 Our pilot simulations with the framework suggested that a third factor, the relative 268 
diffusivity of phages within biofilms, may be fundamental to phage-bacteria population 269 
dynamics. We therefore varied phage movement within the biofilm by changing the phage 270 
impedance parameter �� ; larger values of ��  correspond to slower phage diffusivity within 271 
biofilms relative to the surrounding liquid. 272 
 We performed thousands of simulations in parallel to study the influence of nutrients, 273 
infection probability, and phage mobility on population dynamics. All the other simulation 274 
parameters were fixed according to values taken from the experimental literature (see Table 275 
1). In Figure 3, the results are visualized as sweeps of nutrient concentration versus phage 276 
infectivity for three values of phage impedance. For each combination of these three 277 
parameters, we show the distribution of simulation exit conditions, including biofilm death, 278 
phage extinction, or phage-bacteria coexistence. In some cases, biofilms grew to the ceiling of 279 
the simulation space, such that the biofilm front could no longer be simulated accurately. To 280 
be conservative, the outcome of these cases was designated as “undetermined”, but they 281 
likely correspond to phage extinction or phage-bacteria coexistence. 282 
 We first considered the extreme case in which phage diffusion is unaltered inside 283 
biofilms (phage impedance value of Zp = 1). In these conditions, coexistence does not occur, 284 
and bacterial populations do not survive phage exposure unless infection probability is nearly 285 
zero, or if nutrient availability is so low that little bacterial growth is possible. In these latter 286 
cases, as we described above, phages either cannot establish an infection at all or are 287 
unlikely to encounter new hosts after departing from an infected host after it bursts. 288 
Interestingly, bacterial survival in this regime depends on the spatial structure of biofilm 289 
growth, including the assumption that phages which have diffused away from the biofilm 290 
surface are advected out of the system. Importantly, using the same experimentally 291 
constrained parameters for bacteria and phages, but in a spatially homogenized version of the 292 
framework – which approximates a mixed liquid condition – total elimination of the bacterial 293 
population was the only outcome (Supplementary Figure S1). This comparison further 294 
highlights the importance of spatial effects on this system’s ecological dynamics. 295 
 When phage diffusivity is reduced within biofilms relative to the surrounding liquid 296 
(phage impedance value of ZP

 = 10), biofilm-dwelling bacteria survive infection for a wider 297 
range of phage infection probability (Figure 3b). Phages and host bacteria coexist with each 298 
other at low to moderate infection probability and high nutrient availability for bacterial growth. 299 
Within this region of coexistence, we could find cases where phage and host populations 300 
converge to stable fixed equilibria, and others in which bacterial and phage populations enter 301 
stable oscillations. The former corresponds to stationary biofilm clusters with a balance of 302 
bacterial growth and phage proliferation on their periphery (as in Supplementary Video SV3), 303 
while the latter corresponds to cycles of biofilm tower projection growth and sloughing after 304 
phage proliferation (as in Supplementary Video SV4). For low nutrient availability, slow-305 
growing biofilms could avoid phage epidemics by providing too few host cells for continuing 306 
infection. 307 
 As phage diffusivity within biofilms is decreased further (Figure 3c), coexistence occurs 308 
for a broader range of nutrient and infectivity conditions, and biofilm-dwelling bacteria are 309 
more likely to survive phage exposure. Interestingly, for ZP

 = 15 there was a substantial 310 
expansion of the parameter range in which biofilms survive and phages go extinct. For ZP

 = 10 311 
and ZP

 = 15, we also found cases of unstable coexistence in which bacteria and phages 312 
persisted together transiently, but then either the host or the phage population declined to 313 
extinction stochastically over time (Figure 3d-e). Depending on the relative magnitudes of 314 
bacterial growth (low vs. high nutrients) and phage infection rates, this unstable coexistence 315 
regime was shifted toward biofilm survival or phage extinction in the long run. 316 
 The stochasticity inherent to the spatial simulations provides an inherent test of 317 
stability to small perturbations. In order to assess the broader robustness of our results to 318 
initial conditions, we repeated the parameter sweeps, but varied the time at which phages 319 
were introduced. We found that the outcomes were qualitatively identical when compared with 320 
the data described above (Supplementary Figure S3).   321 
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 Overall, the landscape of different system stable states in parameter space can be 322 
quite complex. For example, in Figure 3E-F, at intermediate phage infectivity, low nutrient 323 
availability resulted in biofilm survival. Increasing nutrient input leads to biofilm death as 324 
biofilms become large enough for phages to take hold and spread through the population. 325 
Further increasing nutrient availability leads to a region of predominant coexistence as higher 326 
bacterial growth compensates for phage-mediated death. And, finally, increasing nutrient input 327 
further still leads to stochastic outcomes of biofilm survival and biofilm death, with the degree 328 
of biofilm sloughing and erosion imposing chance effects on whether biofilms survive phage 329 
exposure.  330 
 331 
(c) Population stable states as a function of phage diffusivity 332 
The findings summarized in Figure 3 suggest that phage diffusivity (reflected by the phage 333 
impedance Zp) is a critical parameter controlling population dynamics in biofilms. We 334 
assessed this idea systemically by varying phage impedance at high resolution and 335 
determining the effects on phage/bacteria stable states spectra within biofilms. For each value 336 
of phage impedance (ZP

 = 1 – 18), we performed parameter sweeps for the same range of 337 
nutrient availability and phage infection probability as described in the previous section, and 338 
quantified the fraction of simulations resulting in biofilm death, phage-bacteria coexistence, 339 
and phage extinction (Figure 4). With increasing ZP  we found an increase in the fraction of 340 
simulations ending in long-term biofilm survival, either via phage extinction or via coexistence, 341 
and a corresponding decrease in conditions leading to biofilm extinction. We expected the 342 
parameter space in which phages eliminate biofilms to contract to nil as phage impedance 343 
was increased. However, this was not the case; the stable states distribution, which saturated 344 
at approximately ZP

 = 15, always presented a fraction of simulations in which bacteria were 345 
eliminated by phages. This result depended to a degree on the symmetry of phage diffusion 346 
across the interface of the biofilm and the surrounding liquid. As noted in the Methods section, 347 
theory predicts that phages can enter the biofilm matrix mesh more easily than they can exit, 348 
and this is the default mode of our simulations. If, on the other hand, phages can diffuse 349 
across the biofilm boundary back into the liquid just as easily as they can cross from the liquid 350 
to the biofilm, then as ZP increases, then biofilm death occurs less often, and bacteria-phage 351 
coexistence becomes the predominant state (Supplementary Figure S4). 352 
 353 
Discussion 354 
Biofilm-phage interactions are likely to be ubiquitous in the natural environment and, 355 
increasingly, phages are drawing attention as the basis for new antibacterial strategies [78]. 356 
Due to the complexity of the spatial interplay between bacteria and their phages in the biofilm 357 
context, simulations and mathematical modeling serve a critical role for identifying important 358 
features of phage-biofilm interactions. The biofilm mode of growth possesses numerous 359 
features that require specific treatment for modeling phage infections. For example, the 360 
interactions between nutrient gradients, cell proliferation, biofilm erosion, and phage 361 
movement all distinguish the biofilm environment from broader classes of agent based models 362 
for studying the spatial spread of disease [79-81]. We therefore developed a new simulation 363 
framework that captures these essential processes. 364 
 The interaction of bacterial growth, phage infection, and biofilm heterogeneity creates 365 
a rich landscape of different population dynamical behavior. At the outset of this work, we 366 
hypothesized that bacteria might be able to survive phage attack when nutrients are abundant 367 
and bacterial growth rate is high. The underlying rationale was that if bacterial growth and 368 
biofilm erosion are fast enough relative to Kovács phage proliferation, then biofilms could 369 
simply shed phage infections from their outer surface into the passing liquid. This result was 370 
not obtained when nutrient input and thus bacterial growth were set at conservatively high 371 
values. We speculate that in order for biofilms to shed phage infections in this manner, phage 372 
incubation times must be long in relation to bacterial growth rate, and/or biofilm erosion must 373 
be exceptionally strong, such that biomass on the biofilm exterior is rapidly and continuously 374 
lost into the liquid phase. Our results do not eliminate this possibility entirely, but they do 375 
suggest that this kind of spatial escape from phage infection does not occur under a broad 376 
range of conditions.  377 
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 Biofilms were able to repel phage epidemics in our simulations when nutrient 378 
availability was low, resulting in slow bacterial growth and widely spaced biofilm clusters. 379 
When biofilms are sparse, phage-bacteria encounters are less likely to occur, and thus a 380 
higher probability of infection per phage-host contact event is required to establish a phage 381 
"epidemic". Even if phages do establish an infection in a biofilm cluster, when bacterial growth 382 
rates are low, the nearest biofilm cluster may be far enough away from the infected cluster 383 
that phages simply are not able to spread from one biofilm to another before being swept 384 
away by fluid flow. This result is directly analogous to the concept of threshold host density as 385 
it applies in wildlife disease ecology [79, 82-88]. If host organisms, or clusters of hosts, are not 386 
distributed densely enough relative to the production rate and dispersal of a parasite, then 387 
epidemics cannot be sustained. Note that in our system, this observation depends on the 388 
scale of observation [89]. In a meta-population context, phage proliferation and subsequent 389 
removal into the passing liquid may lead to an epidemic on a larger spatial scale, for example, 390 
if other areas are well populated by susceptible hosts.  391 
 Our simulations suggest that coexistence of lytic phages and susceptible host bacteria 392 
can occur more and more readily as the ability of phages to diffuse through biofilms 393 
decreases. In two important early papers on phage-bacteria interactions under spatial 394 
constraint, Heilmann et al. [48, 73] also suggested that coexistence occurs under a broad 395 
array of conditions as long as bacteria could produce refuges, that is, areas in which phage 396 
infectivity is decreased. An important distinction of our present work is that bacterial refuges 397 
against phage infection emerge spontaneously as a result of the interaction between biofilm 398 
growth, phage proliferation and diffusion, and erosion of biomass into the surrounding liquid 399 
phase. Furthermore, we emphasize that reducing phage infectivity and reducing phage 400 
diffusivity through biofilms are two alternative but complementary means by which biofilm-401 
dwelling bacteria can enhance the chances for survival during phage exposure. Another 402 
important result of our simulations is that coexistence of biofilm-dwelling bacteria and lytic 403 
phages can be rendered dynamically unstable by modest changes in nutrient availability or 404 
phage infection likelihood. In these cases, the host bacterial population or the phages go 405 
extinct stochastically, with the balance between these two outcomes resting on the relative 406 
magnitudes of biofilm growth and phage infection probability. 407 
 The extracellular matrix is central to the ecology and physiological properties of 408 
biofilms [20, 42, 90-94]. In the simulations explored here, biofilm matrix was modeled implicitly 409 
and is assumed to cause changes in phage diffusivity; our results support the intuition that by 410 
altering phage mobility and their physical access to new hosts, the biofilm matrix is likely to be 411 
of fundamental importance in the ecological interplay of bacteria and their phages [95]. There 412 
is very little experimental work thus far on the spatial localization and diffusion of phages 413 
inside biofilms, but the available literature is consistent with the idea that the matrix interferes 414 
with phage movement [36, 37, 96]. Furthermore, experimental evolution work has shown that 415 
bacteria and their phages show different evolutionary trajectories in biofilms versus planktonic 416 
culture [15, 46, 97]. Especially notable here is the fact that Pseudomonas fluorescens evolves 417 
matrix hyper-production in response to consistent phage attack [46]. The molecular and 418 
ecological details by which the biofilm matrix influences phage proliferation are important 419 
areas for future study. 420 
 Here we have introduced a new approach to studying phage-biofilm interactions in 421 
silico, which required us to consider many unique features of bacterial growth in communities 422 
on surfaces. Using this framework, we have identified important parameters and spatial 423 
structures of biofilms that govern the population dynamics of phage infections. In light of these 424 
results, we envision that bacteria-phage coevolution in the biofilm context may present an 425 
important expansion upon the history of work on this classical area of microbial ecology. 426 
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Table 1: Model Parameters used for Simulations 717 
 718 

Parameter Value used in the 
simulations Description References 

����,���� 1000��, 1000�� 
The physical size of 

the system 
N/A 

�	, �
 4 ��, 64 ��� 
Length and volume of 

a grid element N/A 

���� 5 � 1200 �� ��� 

Maximum density of 
substrate (spanned 

along during 
simulations) 

[98] 

�� 
6.944 � 10�� 

 ��	 ��� 
Substrate diffusivity [99] 

�� 4 �� ��� 
Half saturation 

constant for substrate [56, 100] 

�
 1.417 �� ���� Erosion constant [65] 

�� 10��	� 
Bacterial mass per 

cell [101] 

�� 0.0792 � ���  
Decay to inert mass 

constant [100] 

!� 28.5 � ��� Maximum growth rate [65] 

#��� 1000 � ��� 
Maximum inert 

biomass density [102] 

$��� 200 � ��� 
Maximum active 
biomass density [102] 

% 0.495 Yield of substrate 
converted to biomass [57] 

& 100 Phage burst size [24, 77, 103] 

�
 
2.08 � 10�� 

��	 ��� 
Phage diffusivity 

constant [24] 

'
 1 � 18 Phage Impedance This Study 

��� 0.2083 ��� 
Phage decay 

constant [104] 

) 28.8 �*+�,-� 
Incubation period 

before lysis [24] 

. 0.021 � 9.59 ��� 
Infection rate per 

biomass per phage 

This Study (scaled to 
model infection 

probability of .1-99% 
per host encounter 

 719 
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Figure Legends 721 
 722 

 723 
Figure 1. An example time series of simulated biofilm growth and phage infection. For uninfected and 724 
infected biomass (red and blue, respectively), the color gradients are scaled to the maximum 725 
permissible biomass per grid node (see Supplemental Methods). For phages, the black color gradient is 726 
scaled to the maximum phage concentration in this run of the simulation. Any phages that diffuse away 727 
from the biofilm into the surrounding liquid are assumed to be advected out of the system in the next 728 
iteration cycle. Phages are introduced to the biofilm at 1.5 d. Phage infection proliferates along the 729 
biofilm front, causing biomass erosion and, in this example, complete eradication of the biofilm 730 
population. The simulation space is 250 μm long along its horizontal dimension. 731 
 732 
 733 
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 735 
Figure 2. Population dynamics of biofilm-dwelling bacteria and phages for several example cases. For 736 
each example simulation, bacterial biomass is plotted in the thick dotted line (left axis), and phage 737 
counts are plotted in the thin solid line (right axis) (a) Biofilm death: phages rapidly proliferate and 738 
bacterial growth cannot compensate, resulting in clearance of the biofilm population (and halted phage 739 
proliferation thereafter). (b) Coexistence of bacteria and phages. We found two broad patterns of 740 
coexistence, one in which bacteria and phage populations remained at relative fixed population size 741 
(green lines), and one in which bacterial and phage populations oscillated as large biofilms clusters 742 
grew, sloughed, and re-grew repeatedly over time (black lines). (c) Phage extinction and biofilm 743 
survival. In many cases we found that phage populations extinguished while biofilms were relatively 744 
small, allowing the small population of remaining bacteria to grow unobstructed thereafter. Some of 745 
these cases involved phage population oscillations of large amplitude (black lines), while others did not 746 
(green lines).  747 
 748 
 749 
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 751 
Figure 3. Steady states of biofilm-phage population dynamics as a function of nutrient availability, 752 
phage infection rate, and phage impedance. Each point in each heatmap summarizes >30 simulation 753 
runs, and shows the distribution of simulation outcomes. Phage extinction (biofilm survival) is denoted 754 
by blue, biofilm-phage coexistence is denoted by yellow, and biofilm death is denoted by orange. Each 755 
map is a parameter sweep of nutrient availability (~biofilm growth rate) on the vertical axis, and 756 
infection probability per phage-bacterium contact event on the horizontal axis. The sweep was 757 
performed for three values of Zp, the phage impedance, where phage diffusivity within biofilm biofilms is 758 
equivalent to that in liquid for Zp = 1 (panel a), and decreases with increasing Zp (panels b and c). For 759 
Zp = [10,15], there are regions of stable coexistence (all-yellow points) and unstable coexistence (bi-760 
and tri-modal points) between phages and bacteria. Traces of (d) bacterial biomass and (e) phage 761 
count are provided for one parameter combination at Zp = 10 (identified with a black box in panel b) 762 
corresponding to unstable phage-bacterial coexistence. We have highlighted one example each of 763 
phage extinction (blue), biofilm death (orange), and coexistence (yellow), which in this case is likely 764 
transient. In the highlighted traces, asterisks denote that the simulations were stopped because either 765 
phages or the bacterial biomass had declined to zero. This was done to increase the overall speed of 766 
the parallelized simulation framework. Simulations were designated "undetermined" if biofilms reached 767 
the ceiling of the simulation space before any of the other outcomes occurred (see main text).  768 
 769 
 770 
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p 772 
Figure 4. The distribution of biofilm-phage population dynamic steady states as a function of increasing 773 
phage mobility impedance within the biofilm. Here we performed sweeps of nutrient and infection 774 
probability parameter space for values of phage impedance (ZP) ranging from 1-18. As the phage 775 
impedance parameter is increased, phage diffusion within the biofilm becomes slower relative to the 776 
surrounding liquid phase. The replication coverage was at least 6 runs for each combination of nutrient 777 
concentration, infection probability, and phage impedance, totaling 96,000 simulations. Undetermined 778 
simulations are those in which biofilms reached the simulation height maximum before any of the other 779 
exit conditions occurred (see main text).  780 
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