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Stability analysis of a binary culture chemostat experiencing biofilm formation 

J. D. Bryers, Durham, NC, USA 

Abstract. Time-dependent biofilm formation effects on con- 
tinuous fermenter operation are modelled here for a binary 
culture of microorganisms growing on a single substrate. Dynamic 
computer solutions are detailed for a mixed culture of one 
microbe a having a higher growth rate than a second microbe b 
for two hypothetical scenarios of microbe b having different 
magnitudes of cellular deposition rate. A stability analysis of the 
resultant steady-states is also provided. Biofilm effects on the 
estimation of kinetic and stoichiometric parameters in a chemo- 
stat plus the impact of biofilms on mixed culture dynamics are 
discussed. 

1 Introduction 

Based upon accepted material balances and quantitative 
mathematical descriptions of microbial growth processes, 
models have been derived which can simulate a variety of 
indirect interactions (e.g., commensalism, mutualism, 
product or substrate inhibition, etc.) within mixed cul- 
tures of microorganisms. A general set of equations for a 
dual microorganism culture, microbe a and b, competing 
in a chemostat for p possible growth limiting substrates, 
producing q possible metabolic products, and v secondary 
substrates, can be written as follows: 

d C a / d t  = - D C a + c t a C a ,  (1) 

d C b / d t  = - D Cb + Pb Cb , (2) 

d S i / d t  = D ( S  O-  Si)  - I z a C a / Y a  - r C b / Y b ,  (3) 

where i = l ~ p ,  

d r j /  d t  = - D rj + ~a,j Iza Ca + c%,j r b Cb , (4) 

where j =  1 ~ q,  

d u k / d t  = - D uk + fla,~Pa Ca +flb, k,Ub Cb, (5) 
where k = l ~ v ,  

where Ca is the concentration of microbe a, Cb is the con- 
centration of microbe b, Si is the concentration of limiting 
substrates i = 1 ~ p ,  rj is the concentration of secondary 
metabolites (considered i nh ib i t o ry ) j=  1 ~ q, uk is the 
concentration of secondary products serving as potential 

substrates k =  1 ~ v, D is the dilution rate, /~a,b are the 
growth rates of microbes a and b, respectively, on the 
various possible substrates, ea,j and eb0j are the stoichio- 
metric coefficients for secondary metabolite production, 
and fia,~ and /qb,~ are the stoichiometric coefficients f o r  
secondary substrate production. Selection of the func- 
tional form of/~a and/Zb depends upon the system under 
consideration. Consequently, Eqs. (1)-  (5) can provide, 
with appropriate selected rate expressions, a general 
framework for all possible cases of mixed culture inter- 
actions. 

Dynamic behavior of special cases of Eqs. (1) -  (5) has 
received much attention in recent years [1-5]. Stability 
analysis of continuous mixed culture reactors allows for 
(1) qualitative criteria for model validity testing and (2) 
quantitative assessment of reactor performance. The tech- 
nique most frequently used in determining the stability of 
the steady states of such systems is based upon Lyapunov's 
first method [6]. Effectively, the system differential equa- 
tions are linearized about a steady-state of interest, and 
the eigenvalues of the resultant Jacobian matrix evaluated. 
However, frequently, the above stability analysis fails to 
relate to actual situations. Commonly, there are several 
system factors that act as stability enhancers which are not 
considered in the ideal situation. Among such realities 
are (a) more complex interconnected interaction schemes 
(i.e., competition and mutualism or competition and 
inhibition) and (b) temporal and/or spatial inhomogenei- 
ties (e.g., multistage systems, biofilm formation, incom- 
plete mixing). 

This paper will consider the effect of biofilm formation 
on the mixed culture dynamics in a chemostat. First, a 
simple model for biofilm formation in a binary culture 
chemostat is derived. Then, the binary culture of one 
microbe (Ca) having a higher growth rate than a second 
microbe (Q)  is considered for two hypothetical scenarios 
of microbe b having two different magnitudes of cell- 
surface attachment rate. Stability analysis of the simple 

biofilm model is considered for several pertinent steady 
state situations. Finally, the behavior of a chemostat 
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experiencing biofilm formation is discussed with regard to 
data interpretation and resultant ecological conclusions. 

2 Biofilm formation in fermenters 

Biofilms, adherent microorganisms often entrapped within 
an extracellular polymeric matrix, can develop on any 
surface exposed to an active microbial culture. Biofilms 
within fermenters can create such problems as: 1) erratic 
effluent biomass concentrations, 2) an obscure continuous 
culture wash-out, 3) atypical ecological niches within the 
reactor, and 4) physical fouling of reactor internals (e.g., 
impellers, baffles, heat exchangers, pH and DO probes). 
Despite an increasing awareness of biofilm formation in 
various systems and the associated detrimental effects [7], 
biofilm formation in a chemostat is often only considered 
a mere operating nuisance. Interpretation of resultant 
chemostat data all to often ignores the subtle effects of 
biofilms; such neglect can produce inaccurate estimates of 
kinetic/stoichiometric parameters and can lead to errone- 
ous conclusions about ecological dynamics of mixed cul- 
tures. Historically, the effects of biofilm formation on 
fermenter operation were not considered until 1964 [8, 9] 
even though the effects of microbial attachment on 
microbial activity were noted in 1943 [10]. Topiwala and 
Hamer [l l] first quantified the effects of a constant 
biofilm amount on the steady-state substrate and suspend- 
ed biomass concentrations in a chemostat. This classical 
note predicted the extension (or elimination) of culture 
wash-out as a function of the assumed constant biofilm 
amount. The Topiwala-Hamer model (THM) was derived 
for pure cultures with constant kinetic/stoichiometric 
parameters equal for both attached and suspended micro- 
organisms; no mass transfer limitations were considered. 
Wilkinson and Hamer [12] experimentally verified the 
THM in continuous mixed culture studies where the 
biofilm was reported at ~ 700 gm. Biofilm research in- 
creased dramatically during the seventies with most theo- 
retical efforts directed toward modelling substrate mass 
transfer and biological reaction within a biofilm of con- 
stant thickness. Grady [13] provides an excellent review of 
such biofilm kinetic models. Characklis and colleagues 
[7, 14-16] present the only comprehensive studies (both 
experimental and theoretical) of biofilm accumulation in 
continuous well-mixed reactors; unfortunately in their 
work, biofilm formation was observed at constant dilution 
rates that were far in excess of the culture maximum 
growth rate. Baltzis and Fredrickson [17] extend the THM 
to competition between two different microbial popula- 
tions for one limiting substrate where only one population 
forms an attached monolayer (not a strict biofilm). Bryers 
[18] has in a theoretical paper presented a general mixed 
culture growth model of a biofilm in a chemostat but no 
stability analysis of resultant steady-states were made. 
Kessel et al. [19] presents a elegant mathematical simula- 

tion of a mixed-culture biofilm which predicts both 
spatial and temporal changes as the biofilm developes in a 
reactor operated at dilution rates well past wash-out. 

3 Mathematical rationale 

For modelling sake, the biofilm is treated here as a com- 
pletely mixed continuum. Concentrations of biofilm 
microorganisms are essentially biofilm-volume-distributed 
values since a microorganism's location within the biofilm 
is ignored. This simple approach for mixed culture bio- 
film development suffices for microorganisms with similar 
growth rates. For situations where the turnover rates of 
individual species are markedly different (i.e., hetero- 
tropic vs. autotrophic bacteria), spatial distributions can 
be significant; the reader is directed elsewhere for such 
models of competition within growing biofilms [19]. 

Biofilm accumulation is based upon the scenario pro- 
posed by Characklis and co-workers [14-16]. A general 
mixed culture biofilm formation model has been dis- 
cussed elsewhere [18]. Therefore, only a binary culture 
model (BCM) will be developed here based upon the 
following assumptions: 

1. The reactor is operated in the continuous flow mode 
and is completely mixed with a volume V and an internal 
surface area A. 

2. Biomass concentration of the suspended micro- 
organisms is denoted Cj withj  = a, b. 

3. Each suspended microorganism attaches to some 
extent. Biomass areal concentration of each attached mi- 
crobe is denoted as Bj = Mx/A with j = a, b. 

4. Accumulation of each attached microbial species is 
the sum of three individual rate processes: cellular de- 
position rate R~, growth rate of attached microbes R~ and 
a fractionfj, of the total biofilm removal rate R R. 

5. Non-viable biofilm material arising from extracellu- 
lar polymer production or cell lysis is not modelled here. 
Consequently, the total biofilm areal density M is the sum 
of the areal concentrations of all attached microorganisms. 
Bakke et al. [20] does present structured mass balances for 
both intra- and extracellular carbon in biofilms growing in 
pure culture chemostats. 

6. The fraction j) is assumed without verification to be 
equal to the weight fraction of microbe j in the biofilm - 

n 

i.e.,J) = B / M .  Due to assumption 5, ~ fj = 1.0. 
j=l 

7. Nutrient feed to the reactor is assumed sterile. 
8. Both suspended and attachment mixed cultures grow 

on a single growth limiting substrate S. Suspended culture 
growth rates are considered to follow Monod-like expres- 
sions of S, - i.e., 

#j Cj = t2[ SCj / (K j  + S) . (6) 
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Attached microbial growth rates are identical Monod-Iike 
expressions, only replacing suspended with attached mi- 
crobial concentrations. Biofilm growth rate expressions 
could also incorporate an effectiveness factor t/ to account 
for possible mass transfer resistance to S - i.e., 

Rf  = rl f jB j = rlp ~ SBj / (Kj  + S)  . (7) 

External mass transfer resistances are considered here to 
be negligible in most well-stirred fermenters. Regarding 
internal mass transfer resistances, Pitcher [21] describes 
one such effectiveness factor r/for Monod kinetics, 

= tanh 0p/0p, (8) 

where the modified Thiele modulus Op can be adapted to 
biofilm terms - i.e., 

q) [ (L2/KsDe) ~ Q.t, Bj /Yj)I  ~ 
j = l  

Op- (l+~0)[2~0_21ne(l+~0)]0. 5 , (9) 

where L is the biofilm thickness defned as M/Q, 0 is the 
biofilm volume density, Yj is the attached microorganism 
yield coefficient M i M e ,  De = effective diffusivity of S in 
the biofilm and q~ is defined as S/K~. 

9. Biofilm removal is assumed to be due to prevailing 
shear stresses in the reactor which are considered constant 
for this paper. Thus, the rate of biofilm removal is 
assumed a function of only the total amount of biofilm 
mass. Trulear and Characklis [15] suggest the following 

s [ ~ a - D - R ~ - p ' ~ d a / Y a ) ,  ( 2 k f f B A V )  , 

ddt, f2b [[~b]~a =[(RDa V / A -  rl~aBa/Ya) , " ( t l fa -2k 'Ba) 'O0  ,' 

Suspended cell balance, Ca: 

dCa/dt = - D Ca - R D Ca + fa Ca + kRa BZA/V .  (14) 

Suspended cell balance, Co: 

dCb/dt = - D Cb -- R D Cb "t- fib Cb q- k~ B~A/V .  (15) 

Substrate balance, S: 

dS/d t  = D (S ~  S)  - [~aCa + rl faBaA/V)/Ya] 

- [(fbCb + q fbBbA/V) /u  (16) 

3.1 Stability analysis 

First, the situation described by Eqs. (12)-(16) can be 
reduced to one of smaller dimensions. Multiplying Eq. (14) 
by Y~, Eq. (15) by Y~, Eq. (12) by A/(VYa) ,  Eq. (13) by 
A/(VYb)  and then adding all resultant equations to 
Eq. (16), one can see that the system, except for initial 
times, is very close to the steady-state hyperplane: 

S = S O-  C a / Y a -  Ce/Yb, (17) 

which can be employed instead of the differential equa- 
tion for S in the stability analysis around the system 
singular points. 

For small perturbations about any steady-state, let 
~i  = Ci - Ci and ~i = Bi - Bi where i = a, b and Ci and/~i 
are the steady-state suspended and attached microbial 
concentrations at a certain set of conditions. Linearizing 
Eqs. (12)-(16) results in the following: 

0 

(Ub -- D - R~ - f'b Cb/Yb) , 
(R~ V/A- qf;&/Yb) , ( r l fb -2k~B~)J  

(18) 

empirical expression for biofilm removal rate, 

R R = k R M  2 , (10) 

where k R is the maximum biofilm removal rate at the 
maximum attainable biofilm concentration. 

10. Cellular deposition rates are assumed proportional 
to the concentration of specific microorganism in the 
liquid phase. Examination of data suggests the maximum 
surface coverage possible by deposition only is 1-3% of 
the total surface area. Cellular deposition, according to 
Bryers [22], can be expressed as, 

(11) 

where k~, the deposition rate, is constant for the j th cell. 
Given the above assumptions, the following equations 

describe binary culture biofilm formation in a chemostat: 
Biofilm Ba accumulation equation: 

R 2 (12) dBa/dt = RDa Ca + tlfaBa - ha Ba �9 

Biofilm Bb accumulation equation: 
R 2 dBe/dt = Rb ~ Cb + tlfbBb -- kb Bb . (13) 

The stability analysis of any steady-state can be now be 
broken into the examination of the eigenvalues of the two 
submatrices, one for microbe a and one for microbe b. 
Reviewing the rules of matrix algebra, the characteristic 
equation for the population a submatrix, for example, is 

2 2 - (TRA) 2 + (DET A) = 0,  (19) 

where 

TR A = trace of A = [(fa - D - R2 - fa' Ca~- Ya) 

+ ( t / f a -  2kff/~a)] 

and 

O ! DET A = determinant of A = [(Pa- D - Ra - fa Ca/Ya) 

�9 ( t /fa-2k~/~a) - (2k~BaA/V)  (R~ V / A -  ' ~ qfaBa/Ya)] . 

(2 = eigenvalues to submatrix A, #" = d ~a (S ) ] /dS ) .  
The linearized system for population A is said to be 

asymptotically stable if and only if, 

(TR A/2) 2 => DETA >_- 0 (20) 
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C~3~ 
l 

a Biofilm ceil concentration 8y 

b Biofilm cell concentration ~) 

e Biofitm ceU concentration ~j 

Fig. 1 a -  e. Examples of steady-state stability situations 

Table 1. Model parameters used in binary culture simulations 

Parameters common to all simulations 
A (cm 2) = 1000.0 
V(cm ~) = I000.0 
k R (h -1) = 0.6 
K~ = Kb (rags/l) = 10.0 
S o (mgJl) = 500.0 

Specific parameters 
~* (h -1) = 0.60 
~(h  -1)  = 0 .50  
Ira (mgx/mgs) = 0.30 
R~ (mg/(cm2"h)) = 3.0 • 10 -6  

R~ (mg/(cm 2' h)) = ~3.0 x 10 -5 (Case I) 
[3.0 • 10 -3 (Case II) 

similar criteria for populat ion b exists based upon sub- 
matrix B, Eq. (18). 

Results of  a stability analysis of  the steady-states 
predicted by the BCM simulations for Case I and Case II 
conditions are presented in the next section. 

4 Results 

Illustration of biofi lm effects on a mixed culture will be 
considered here only for a simple binary culture, with 
both microbes competing, attached and suspended, for a 
single substrate, Growth kinetics for each microbe are 
such that (,u* > / ~ ,  Ka = Kb) and are selected since, under 
ideal circumstances, microbe a or b will not co-exist in a 
chemostat. Other mixed culture scenarios are possible 
based on either different growth kinetics or on the specific 
microbial interactions involved. 

Two hypothetical cases based upon the above kinetics 
are treated with the binary culture model  (BCM). In both 
cases the deposition rate of  the slower growing microbe b 
is greater than for microbe a; in Case I R~ = 10. R~ and 
in Case II R~ = 1000 �9 R~. Other model  parameters  used 
in the BCM simulations are given in Table 1. Biofilm 
density is set equal to 50 m g J c m  3 which has the effect of  
cultivating "computer-wise" a thin b u t  reactive biofilm. 
At this specific density, a biofi lm would have to exceed 

100 gm before internal mass transfer resistance become 
significant. In the following hypothetical situations, 
biofilm thicknesses never exceed 100gm, thus tacitly 
ignoring internal mass transfer effects. 

Both hypothetical cases I and II are initiated as batch 
reactor simulations with the batch initial conditions given 
in Table 1. After eight hours simulated batch operation, 
continuous flow is initiated by setting D = 0.1 h -1. The 
dilution rate is then incrementally increased from 0.1 to 
6.0 h -1 (Case I); 3.0 h -1 for Case II modelling a typical 
chemostat  experiment.  Elapsed t ime between D shifts is 
the following: 30 hours for D = 0.1 h -1, 20 hours for 
D = 0 .2-0 .9  h -I ,  and 10 hours for D = 1.0-3.0 h -1. Equa- 
tions comprising the BCM required numerical solution 
using a dynamic simulator computer  package called 
MIMIC [231 . 

Batch initial conditions 
S (0) = 3000.0 mgs/1, Ca, b (0) = 5,0 mgx/1, and B,, o (0) = 0.0 mgx/cm 2 

then both eigenvalues are real with the same sign and the 
steady-state in question is called a node (illustrated in 
Fig. 1 a). If  the DET A is negative, there is one positive and 
one negative eigenvalue then the steady-state is called a 
saddle point (Fig. 1 b) which is always an unstable condi- 
tion. Should (4" DET A) >_- (TR A) 2, complex eigenvalues 
occur and the steady-state is called a focus (Fig. 1 c). A 

4.1 BCM simulations: Case I 

This case simulates microbe a growing faster than mi- 
crobe b, both in suspension and in a biofi lm but microbe b 
has a ten times greater deposition rate. Deposit ion is 
modelled here as microbe transport to, plus at tachment  
at, the reactor surface. Therefore,  a higher deposition rate 
for one species may arise from that  species' greater ability 
to produce either extracellular polymers or holdfast struc- 
tures. 

Steady-state effluent substrate, suspended cell concen- 
trations (Ca, b), biofi lm composit ion (B~,b), and apparent  
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Fig. 2. a Predictions for Case I conditions (see Table 1) for steady- 
state effluent concentrations of both microbes a and b plus limit- 
ing substrate and apparent yield values Ya calculated using equa- 
tion (21). b Predictions for total biofilm concentration (M) and 
the fraction of microbe a in the biofilm (fa) under Case I condi- 
tions 

Fig. 3. a Predictions for Case II conditions (see Table2) for 
steady-state effluent concentrations of microbes a and b and the 
limiting substrate plus apparent yield values Ya calculated using 
erroneous equation (21). b Predictions for total biofilm concen- 
tration (M) and the fraction of microbe a in the biofilm (fa) 
under Case II conditions 

yield values predicted from the BCM for Case I conditions 
are given in Figs. 2 a and 2 b. 

Microbe a is predicted to persist in the reactor until 
D -- 6.0 h -1 (residence time = 0.167 h or ~ 10 min), char- 
acteristic for chemostat biofilm formation. Not  unexpect- 
edly, microbe a dominates the suspended culture, although 
the BCM also predicts microbe b to remain in the reactor 
until D = 6.0 h -~ but at very low concentrations (Ca--< 
3.0mgx/1). Predicted microbe a biofilm concentrations 
indicate the higher microbe a growth rate more than 
compensates for the ten times greater deposition rate of  
microbe b. At D = 1.2 h -I, microbe a comprises -> 90% of 
the biofilm. Apparent  yield values (Fig. 2a) vary during 
D shifts due to changes in culture composition and the 
wash-out or dilution effect at D = 0.4h -1 which is muted 
by increasing biofilm formation. At D->-At*, apparent 
yield values equal the true stoichiometry for microbe a 
due to its dominance in the biofilm, the origin of  all sus- 
pended biomass at these dilution rates. 

4.2 BCM simulations." Case I I  

Case II simulates identical conditions to Case I except the 
deposition rate of  microbe b is now thousand times that of  
microbe a. 

Steady-state effluent substrate concentrations, suspend- 
ed microbe concentrations (Ca, b), biofilm composition (M 
and f~), and the apparent yield values predicted by the 
BCM as a function of  D are given in Figs. 3 a and 3 b. 
Figure 3 a again shows both microorganisms to persist in 
the reactor until a dilution rate of  3.0 h -1 (mean residence 
time = 0.33 h = 20.0 rain) due to biofilm formation but, 
unlike Case I, here microbe b, the slowest growing of  the 
two microbes, predominates the culture fluid at D -  
0.3 h - (  Although Ca is predicted to persist throughout the 
simulated experiment, Ca concentrations after D = 0.3 h -I  
never exceed 30 mgx/1. Given the advantages of  a much 
higher deposition rate, microbe b dominates the early 
biofilm, not allowing microbe a to establish and take 
advantage of  it's higher growth rate. 

Transient changes in microbe a and b concentrations 
predicted after a shift-up from D = 0.2 ~ 0.3 h -1 (Figs. 4a 
and 4b) further illustrate the dominance of  microbe b 
over microbe a due to the higher microbe b biofilm con- 
centration. Apparent yield values never equal the true 
stoichiometry for either species except for conditions 
between D = 0 . 5 - 0 . 8 h  -l, because of  the combined in- 
fluence of  both biofilm microorganisms on substrate utili- 
zation. Changes in the various process rates at different 
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Population a 

D (h -~) 0.2 0.3 0.4 0,5 1.5 3.0 

C a (mgx/1) 125.0 140.0 90.0 140,0 140.0 140.0 
Ba (mgx/cm 2) 1.5 x 1 0  - 4  1.5 x 10 -3 0.185 0.27 0.495 0.495 
S (mgJl) ~ 1.0 ~ 1.0 ~ 1.0 ~ 1.0 10.0 35.0 
TR A -20.8 -23.3 - 15.4 -23.8 -8.5 -3.9 
DET A - 1.11 - 1.23 +2.6 +6.4 +2,8 +0.97 
[TR A/2] 2 + 105.4 + 153.7 + 58.9 + 141.7 + 18.1 +4.0 
4" DET A -4.4 -4.92 + 10.2 +25.4 + 11.0 +4.0 

Type of steady state Saddle point Saddle point Stable node Stable node Stable node Stable node 

Population b 

Cb (mgx/1) 15.0 7.5 10.0 12,5 7.0 2.0 
B b (mgx/cm 2) 0.149 0.268 0.235 0,18 5 x 10 .4 5 x 10 .4 
TR B -2.0 - 1.41 - 1.77 -2.1 - 1.3 -2.2 
DET B +0.26 +0.32 +0.37 +0.33 +0.37 - 1.0 
[TR B/2] 2 + 1.0 +0.5 +0.8 + 1.1 +0.4 + 1.3 
4. DET B +1.04 +1.3 +1.48 +1.33 +1.49 -4.1 

Type of steady state Stable node Stable node Stable node Stable node Saddle point Saddle point 

150 
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Fig. 4. a Transient response of suspended microbes a and b 
concentrations and b biofilm cell concentrations during a dilution 
rate shift-up from D = 0.2 -* 0.3 h -1. (--*) indicates in a the direc- 
tion of increasing elapsed time 

stages of  b iof i lm development  are shown in Fig. 5 which 
illustrates the dynamics of  b iof i lm format ion  in a chemo- 

star. 

4.3 Stability analysis results 

Tables 2 and 3 summarize  the calculations of  the TR and 
DET for the two popula t ion  sub-matrices in Eq. (18). 

Most steady-states proved to be asymptotical ly stable 
nodes. Under  Case I conditions, microbe a exhibits un- 
stable saddle-point  behavior  at di lut ion rates of  0.2 and 
0.3 h -1 as shown in Fig. 6 for the transient per iod between 
D = 0 . 2  ~ 0.3h -1. Microbe b exhibits s imilar  unstable 
saddle points at D = 1 . 5 - 3 . 0 h  -1. Fo r  Case II conditions,  
microbe a steady-states exhibi t  unstable saddle point  
behavior  at all di lut ion rates while microbe b steady-states 
are stable nodes at all di lut ion rates save one, D -- 0.2 h -1. 
Unstable saddle point  behavior  under  the two Cases 
corresponds to condit ions of  very minute  concentrations of  
the part icular  popula t ion  in the biofi lm. 

5 Model limitations 

Mass transfer and endogenous decay, two processes per- 
tinent to biofilms, were either implici t ly  or explicit ly 
ignored in the examples above. The impact  of  neglecting 
these fundamental  processes on the above  results is not 

trivial and warrants discussion. 
Under  the s imulat ion conditions above,  internal mass 

transfer effects, al though incorporated in the model  (via t/, 
the effectiveness factor), were tacitly ignored. External 
mass transfer resistances were explicit ly ignored for the 
well-mixed fermenters considered. However,  in certain 
situations (e.g., plug flow reactors, slow moving streams or 
quiescent aquatic systems) mass transfer effects could be 
significant. Under  b iof i lm parameters  (e.g., L, Q, II*, De, 
K) different from those used here, the modi f ied  Thiele 
modulus,  0p could be such that  the effectiveness factor 

//--- 1.0. 
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Table 3. Summary of stability analysis for populations a and b under Case II conditions 

Population a 

D (h -1) 0.2 0.3 0.4 0.5 1.5 3.0 

Ca (mgx/1) 135.0 60.0 5.0 5.0 25.0 
Ba (mgx/cm 2) 1.5 x 10 -4 1.9 x 10 -3 0.01 0.015 0.075 
S (mg~/1) 3.0 ~ 1.0 ~ 0.5 . ~ 2.0 10.0 
TR A - 15.9 - 10.1 - 1.26 - 1.01 - 2 . 2  
DET A -2 .22  -5 .3  -0 .02  -8 .9  -7 .1  
[TR A/2] 2 +63.1 +25.4 +0.40 +0.25 + 1.20 
4- DET A -8 .8  -21.1 -0.08 -35.9  -28 .5  

Type of steady state Saddle point Saddle point Saddle point Saddle point Saddle point 

Population b 

5.0 
0.075 

230.0 
-1 .8  
- 1 . 4  
+0.9 
-5 .5  

Saddle point 

Cb (mgx/1) 20.0 60.5 165.0 160.0 130.0 
Bb (mgx/Cm 2) 0.099 0.188 0.274 0.295 0.492 
TR B - 1.73 -7 .5  -22.1 - 10.8 -3 .0  
DET B -2 .98  + 1.26 +6.55 +2.7 +0.81 
[TR B/2] 2 +0.75 + t4.1 + 121.7 +29.1 +2.3 
4" DET B - 11.9 +5.0 +26.0 + 10.83 +3.2 

Type of steady state Saddle point Stable node Stable node Stable node Stable node 

65.0 
0.493 

-6 .6  
+0.58 

+10.8 
+2.3 

Stable node 
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Fig. 5. Process dynamics predicted at three different stages of bio- 
film formation in Case II. Unless otherwise annotated, all numer- 
ical values represent biomass production rates and have units 
(mgx/h). Note at D =  1.5h -1 biofilm is constant at M=0.5mgx/cm 2 
and biofilm growth rates for both microbes a and b equal their 
respective biofilm removal rates 

Fig. 6. Illustration of saddle point behavior for population a after 
a dilution rate shift-up from D = 0 . 2 ~ 0 . 3 h  -1 under CaseII  
conditions 
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What impact would either a finite mass transfer resis- 
tance (external or internal) or a significant endogenous 
decay have on the results above? Several mechanisms 
could, alone or in combination, control the overall biofilm 
substrate removal rate; they are: 1) substrate mass trans- 
port to the biofilm, 2) substrate transport within the 
biofilm along with 3) simultaneous biological reaction. 
Substrate mass transfer within the biofilm has been tradi- 
tionally modelled with molecular diffusion only, but recent 
results [24] indicate convective transport within a biofilm 
can occur; however, such a novel transport mechanism 
will not be considered in this discussion. Only the effects 
of finite molecular mass transfer will be discussed for pure 
and mixed culture cases. 

For pure culture situations, finite internal or external 
mass transfer resistances would effectively reduce the 
overall substrate removal rate of the biofilm at a certain 
substrate concentration. This would, in turn, reduce the 
biofilm development rate and the portion of the suspend- 
ed biomass in the chemostat that originates as biofilm. 
Generally speaking, external mass transfer resistances 
would reduce the deviation from ideal chemostat theory 
created by a biofilm's presence but would also reduce the 
maximum overall substrate removal rate. Specifically, for 
first order intrinsic biological reactions (i.e., S ~ Ks), ex- 
ternal mass transfer does not change the apparent order 
of the overall substrate removal rate since both transport 
and reaction are first order processes; only the apparent 
rate constant value is changed. For zero order kinetics 
(i.e., Ks ~ S), the observed rate is not influenced by ex- 
ternal mass transfer. 

Numerous articles exist describing the effects of internal 
mass transfer on biofilm substrate removal rates [13]. For the 
pure culture case, where microorganisms are uniformily 
distributed throughout the biofilm, internal mass transfer 
effectively reduces the amount of biofilm entrained into 
the liquid. As with external mass transfer, the general 
impact of internal mass transfer is to reduce the deviation, 
caused by biofilms, from ideal chemostat behavior. Note 
external mass transfer resistances are subject to change by 
engineering factors (e.g., fluid velocity) while internal 
mass transfer is a function of the physical and biological 
properties of the biofilm. 

Little is known about the processes of microbial death, 
endogenous decay, lysis, and exopolymer degradation 
within a biofilm. Generally, all such processes will detract 
from the rate of biofilm development and will decrease 
the apparent efficiency of substrate conversion to cellular 
biomass. One must also be aware that endogenous respira- 
tion, the continued uptake of electron acceptor under elec- 
tron donor starvation, is intimately tied to finite internal 
mass transfer limitations. As resistances increase, lower 
portions of the biofilm will not receive substrate, causing 
endogenous processes to prevail at these lower depths. 
Such situations could lead to the massive sloughing of 
biofilm so commonly reported in practice [25]. 

Mass transfer effects on mixed culture biofilms is a far 
more complex issue and one that if treated rigorously, 
would require a more complex model than presented here. 
Such models have only just appeared in the literature 
[19, 26]. Conceptually, the model derived here assumes the 
individual populations are uniformily distributed through- 
out the biofilm volume and is adequate for mixed culture 
systems where the microbial turnover rates of each species 
on the same limiting substrate do not differ dramatically. 
This naive approach does ignore those situations where 
two or more groups of microorganisms, mediating differ- 
ent biological reactions at markedly different rates, com- 
pete for one or more limiting substrates. For example, 
where carbon removal and nitrification are combined in a 
wastewater treatment fixed-film reactor, heterotrophic 
bacteria oxidizing organic carbon grow at markedly higher 
rates than the autotrophic nitrifiers oxidizing NH4 to NO2 
then to NO3. Finite mass transfer resistances, could foster 
a situation where local bacterial turnover rates differ 
drastically between species. If the total biofilm density 
remains constant during growth, then the different micro- 
bial turnover rates would create spatial profiles of each 
group in the biofilm. In such cases, the net biofilm accu- 
mulation rate is an integral value of the species local net 
biomass production rates. Biomass removal from the 
biofilm would be dominated by the faster growing organ- 
ism that is likely to inhabit the upper layers of the 
biofilm. The model derived here does not pretend such 
sophistication and for this article such a complex model is 
not required. 

6 Concluding remarks 

The dynamic model developed here extends previous 
steady-state constant biofilm models by simulating not 
only the extension of wash-out brought about by the 
biofilm's presence, but also variable yield trends more 
accurately. The model consists of simple material balances 
that can be easily modified to simulate a) various mixed 
culture interactions, b) different suspended growth depen- 
dencies on one or more substrates, and c) various biofilm 
processes neglected here (e.g., internal mass transfer and 
endogenous decay). 

Implications of the above analysis of biofilm formation 
in a chemostat, subject to the limitations above, are the 
following: 

1. Biofilm formation will bias not only kt* values 
estimated from wash-out experiments but can also, if not 
considered, contribute to erroneous estimates of cellular 
stoichiometry. Efforts to either minimize biofilm forma- 
tion or, during an experiment, measure biofilm formation 
for use in appropriate material balances are urged. 

2. Estimates of stoichiometry in either pure or mixed 
cultures, using Eq. (21) 

Yob~ = M/( S ~  S) ,  (21) 



J. D. Bryers: Stability analysis of a binary culture chemostat experiencing biofilm formation 11 

where Yobs is the overall yield, are wrong if biofi lm forma- 
tion occurs. This equation ignores that  part  of  the sub- 
strate used in biofi lm growth, thus underest imating the 
true stoichiometry. 

3. Effluent suspended biomass in a chemostat  experi- 
encing biofilm formation arises due to suspended growth 
and biofilm removal  processes. As dilution rate approaches 
and exceeds/~* that portion of  the suspended biomass due 
to suspended growth decreases. Although well past #*, 
suspended biomass from the biofi lm can actually utilize 
substrate at a significant rate. 

Note the tacit p roblem implied above with regard to 
data comparison between experiments in different sys- 
tems. Biofilm removal rates are highly dependent  upon 
prevailing shear stresses. Consequently, two identical cul- 
tures, grown under identical nutrient conditions but dif- 
ferent hydrodynamics (i.e., impeller speed, number,  and 
location; number  of  baffles, etc.) could produce different 
effluent biomass concentrations. 

4. Decreasing apparent  yield values with decreasing 
growth rate (or D) may  not be due to so-called main-  
tenance requirements,  but  can as shown here, be attribut- 
ed to biofilm formation. 

5. Successive wash-out  of  different members  of  a 
mixed populat ion will be biased under conditions experi- 
encing biofilm formation. Depending on the cell's ability 
to remain at a surface and attach, a higher growth rate is 
not sufficient to insure dominance of one species over 
another. 

6. Model predictions suggest biofilms can be metaboli-  
cally more active (based upon total substrate uptake) than 
suspended biomass. Yet, until recently [27], microbial  
activity in most natural aquatic environments has been 
assessed by sampling free floating rather than sessile or 
biofilm entrapped cells. Neglecting adherent  biomass may  
underestimate the capacity of  a water system to assimilate 
a particular load. 

7. Stability analysis for the two systems indicate a 
biofilm stabilizes chemostat  operat ion with regard to 
mixed culture operation, allowing both populations to 
persist at a variety of  dilution rates in asymptotically 
stable steady-states. Adhesive or kinetic properties differ- 
ent than those employed here may produce different 
results. 
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