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Table S1. Simulation parameters 29 

Parameter definition Symbol Unit Value 

Saturation constant Ks g.L-1 0.2  (ref1) 

Maximum specific growth rate 

(baseline) 

µmax h-1 0.3  (ref2)  

Maintenance rate m h-1 0.03 (ref3) 

Biomass yield coefficient 

(baseline) 

Yx/s C-mol.C-

mol-1 

0.15  (ref2) 

Product yield coefficient  Yp/x C-mol.C-

mol-1 

2.5 (ref2) 

(based on 

lactate as an 

example 

metabolite) 

Diffusivity of bulk nutrients  Dnutrient m2.s-1 6.7×10-10  (ref 4) 

 

(based on 

glucose as an 

example 

nutrient) 

Diffusivity of metabolites 

 

Dmetabolite m2.s-1 1×10-9 (ref5)  

 

(based on 

lactate as an 

example 

metabolite) 

Bulk nutrient concentration  Sb mM.L-1 4 (ref6) 

 

(based on 

glucose) 

Biomass molecular mass  g. C-mol-1 27.8 (ref2) 

Bulk nutrient molecular mass  g. C-mol-1 30.3 (glucose) 

Metabolite molecular mass  g. C-mol-1 30.0 (lactate) 

Bacterial diameter  m 1 

Bacterial mass density  Kg.m-3 1100 (ref7) 

Bacterial translational speed  m.s-1 10 (refs 8,9) 

Bacterial rotational 

displacement  

 degree 45 

Duration of the planktonic 

phase 

 s 100 

Initial bacterial count (baseline 

simulation) 

  200 

Simulation field size  m× m 500x500 
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Community height    60 m 

Simulation timestep interval 

(biofilm stage) 

 s 900 

Number of invading bacteria   5 

Height of the invading bacteria 

from substratum 

 m 30 

 30 

 31 

 32 

 33 
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 38 

 39 

 40 

 41 

 42 

 43 

 44 
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 45 

Figure S1. Community properties resulting from metabolic interactions among three spices. Modeling included case 46 
studies for various interactions, including competition, neutralism, commensalism, and mutualism. The third bacterial 47 
species (red) enter the system at t = 300 h, when a mature community has formed by green and brown species. The 48 
introduced bacteria (G) have a growth rate equal to brown and green bacteria (N)—refer to Table 2 for kinetic 49 
variables. The model output shows the side view of the community structure, and graphs show the biomass levels and 50 
biomass abundances with time for each scenario. In each graph, repetitions are indicated by different line types (solid, 51 
dashed, and dotted). 52 
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Figure S2. Community properties resulting from metabolic interactions among three spices. Modeling included case 57 
studies for various interactions, including competition, neutralism, commensalism, and mutualism. The third bacterial 58 
species enter the system at t = 300 h, when a mature community has formed by green and brown species. The 59 
introduced bacteria have a higher growth yield (E) than brown and green bacteria (N)—refer to Table 2 for kinetic 60 
variables. The model output shows the side view of the community structure, and graphs show the biomass levels and 61 
biomass abundances with time for each scenario. In each graph, repetitions are indicated by different line types (solid, 62 
dashed, and dotted). 63 
 64 
 65 
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ABM Code Implementation 66 

Simulation Overview 67 

The ABM consists of: (i) bacteria as the agents, whose information—such as mass, position, and species 68 

types—is stored in a NumPy array; (ii) a field class representing the geometry of the system, which is a 2D 69 

area of 500 µm × 500 µm. It stores key geometrical parameters, such as the presence of wall structures and 70 

the concentration of species again in NumPy arrays; (iii) functional modules, each responsible for 71 

simulating different processes, such as concentration calculation, collisions of bacterial cells with the wall 72 

and other bacteria, and replication and growth; and (iv) a timestep module in which the system events occur 73 

over time, where different functional modules are called, and agent and field states are updated. 74 

 75 

1. Bacteria Agent Class 76 

Bacteria are classified by species types, with each species having fixed properties such as growth rate and 77 

density. Comprehensive details of these simulation parameters are provided in Supplementary Table 1. 78 

Bacteria also have variable attributes, such as biofilm state (a Boolean flag), mass, and position. 79 

Additionally, bacteria have a variable called “next position” to manage collisions (see below) and an 80 

“existence” flag, which becomes false when bacteria are removed from the system (due to death or 81 

exceeding a certain height). 82 

 83 

2. Field Class 84 

Each field variable is represented as a 50×50 discretized matrix, with each element corresponding to a 10 85 

µm × 10 µm area within the simulation field. Field variables are defined to represent geometry, including 86 

the presence or absence of walls (binary values), bacterial density (the total number of cells for each 87 

bacterial species), nutrient and metabolic concentrations, and diffusion coefficients in each grid block. 88 

 89 

3. Functional Modules 90 

3.1 Concentration Solver  91 

The FiPy package is used to solve the reaction-diffusion differential equation in Equations 1 and 2 92 

(manuscript text). It is based on the finite volume method applied to a discretized geometry. The meshed 93 

geometry is defined to be identical to the discretized geometry in the field class; that is, it is a 50×50 lattice 94 

representation with 10 µm × 10 µm grid blocks. One concentration variable is defined for each nutrient or 95 

metabolite in the simulation. The diffusion coefficients for each chemical species are provided in 96 

Supplementary Table 1. 97 
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We impose boundary conditions by constraining cell faces at the top of the volume to have a constant bulk 98 

concentration value; cell faces at the bottom to have zero flux, and side faces to have free boundary 99 

conditions. For substratum surfaces, diffusion coefficients are set to zero. Bacterial concentrations for a 100 

given species, as an input in the Monod model, are calculated within each finite volume block by summing 101 

the mass of each individual of that species within the block, normalizing by grid block volume, and storing 102 

the result in the corresponding entry of a discrete field. Field classes for diffusion coefficients and 103 

concentrations are transferred into FiPy mesh grids of equivalent dimensions. 104 

Given the chemical boundary conditions and bacterial concentrations, the PDE representing chemical 105 

concentrations (Equation 1) within the biofilm system is formulated as a joint equation for bacterial feeding 106 

and metabolic by-products (Equation 2). The PDE is solved at each time step, after embedding the metabolic 107 

PDE into FiPy’s data structures. The complete reaction-diffusion equation is described by using 108 

DiffusionTerm and ImplicitSourceTerm components, aligning with the discretized form of Equations 1 and 109 

2. 110 

The FiPy solver reduces the complex differential equations of the biofilm to a linear system on the grid. In 111 

the case of a highly non-linear system, the solver may not converge rapidly. To improve efficiency, the 112 

algorithm begins each PDE calculation with the solution from the previous time step, significantly speeding 113 

up the process through the sweep method. 114 

 115 

3.2. Shoving Module 116 

As the bacteria grow and replicate, a shoving algorithm is required to physically push them apart. The 117 

shoving algorithm is based on the iterative geometrical displacement of bacteria to avoid intersections. The 118 

algorithm iterates over each bacterium, identifying neighboring bacteria by finding those within a proximity 119 

of two bacterial maximal diameters. The center-to-center distances between the target bacterium and its 120 

neighbors are calculated, and intersecting pairs are identified—specifically, those with a smaller center-to-121 

center distance than the sum of their radii. The intersecting pairs are symmetrically displaced by one-half 122 

of the overlap length (corresponding to a shoving factor of 1). Each shove occurs simultaneously for all 123 

involved bacteria, causing bacteria that overlap with multiple others to be pushed by the total displacement 124 

of all combined shoving vectors. Before the final position of the bacteria is implemented, it is evaluated for 125 

wall intersection using the wall constraint module.  126 

 127 

3.3 Wall Constraint Module 128 

Bacterial movements in each time step consist of the current position (output from the previous time step 129 

or t0) and a new candidate position, calculated from shoving or planktonic movements. Before the new 130 
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candidate position is applied, it must be checked for intersection with the wall. Walls are defined as grid 131 

blocks that have a nonzero value in their field class matrix representation. To determine whether a bacterium 132 

intersects a wall, the integer part of the bacterial x and y positional indices is divided by the grid block size 133 

to identify the block where the bacterium is located. If the grid block is part of the wall, the point of 134 

intersection is calculated, and the bacterium’s position is set to this intersection point. 135 

 136 

4. Timestep Module 137 

 138 

Once the simulation is initialized, functional modules are called sequentially to simulate biofilm 139 

development. The following events are included. 140 

 141 

Creating a seeding layer 142 

To simulate biofilm growth, a seeding layer of attached bacteria is required. Planktonic bacteria are 143 

introduced during a short initial phase to form this seeding layer. They freely move and attach to the 144 

substratum surface. A specified number of bacteria (200) are assigned random positions and directions 145 

above the surface within the simulation field. Bacterial positions are assumed to wrap around the 146 

environment, and the upper surface is reflective, corresponding to the condition where bacteria entering 147 

and exiting the system are equal. 148 

 149 

At each time step, the position of the bacteria is calculated using the value from the previous time step and 150 

applying displacement, which is derived from translational velocity and a direction that changes in each 151 

time step (Supplementary Table 1). Bacteria become fixed when they contact a wall surface or another 152 

attached bacterium (biofilm flag turns on). The wall intersection module is activated to prevent collisions 153 

with walls, while the shoving module is used to avoid overlaps with other bacteria. This process results in 154 

the random attachment of bacteria to the substratum. Once the seeding layer reaches a population of nearly 155 

50 bacteria, the planktonic phase ends, and all planktonic bacteria are removed from the system. 156 

 157 

Biofilm development 158 

The cell growth and division occur after the seeding layer is created. A zero value is assumed for solute 159 

concentrations, which are updated immediately at the first iteration through the concentration solver module 160 

given the upper boundary value, equal to the bulk concentration of solutes and the solid boundaries, at a 161 

no-flux boundary condition. The concentration solver receives bacterial mass density for each species in a 162 

grid block from the bacteria field and calculates the output concentration from the boundary conditions, 163 
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diffusion, and prescribed metabolic bioreactions. A timestep of 15 minutes is sufficient to simulate this 164 

process with enough accuracy. 165 

 166 

Once the concentration of solutes is determined, bacterial mass accumulation is calculated by applying the 167 

nutrient consumption rate expression (Monod equation) multiplied by the biomass yield coefficient. A 168 

maintenance term per unit mass is then subtracted (Equation 3). 169 

 170 

Once the new mass of bacteria is determined, the radii of the bacteria are updated. Bacteria with a mass 171 

greater than two divide, resulting in two bacteria occupying the same position. One of the bacteria is then 172 

moved away by a distance equal to its diameter in a random direction. A shoving module is applied to 173 

prevent the bacteria from overlapping, followed by a wall intersection module to avoid collisions with 174 

walls. Multiple iterations of shoving (approximately 10) result in the elimination of nearly all overlaps. 175 

 176 

 177 
 178 
 179 
 180 
 181 
 182 
 183 
 184 
 185 
 186 
 187 
 188 
 189 
 190 
 191 
 192 
 193 
 194 
 195 
 196 
 197 
 198 
 199 
 200 
 201 
 202 
 203 
 204 
 205 
 206 
 207 
 208 
 209 
 210 
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