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Abstract

Anaerobic digestion mathematical models (ADMMs) have been extensively employed for
simulating system performance and predicting microbial community dynamics. However,
accurately determining kinetic and stoichiometric parameters of specific microorganisms
remains a major challenge. To simulate the competitive dynamics between two types of
acetoclastic methanogens, Methanosarcina and Methanothrix, an ADMM incorporating the /K
selection theory was developed. By integrating thermodynamic analysis with metabolic
pathway characterization, the kinetic parameters of the two methanogens were systematically
estimated. With calibration of the maintenance coefficient and the maximum biomass specific
electron-transfer rate, the thermodynamic energy dissipation approach provided a viable
framework for elucidating the distinct kinetic parameters of the two methanogens. Sensitivity
analysis revealed that biomass yield and acetate concentration strongly influenced
Methanosarcina enrichment during the long-time operation, whereas solids retention time (SRT)
was identified as the primary factor governing the enrichment of Methanothrix.
Methanosarcina exhibited a higher biomass yield under high organic concentration conditions,
whereas Methanothrix demonstrates a stable and sustained enrichment trend under extended
SRTs and low substrate concentrations. Moreover, continuous flow reactor (CFR) systems
exhibited a more pronounced microbial shift in response to acetate concentration variations.
The stable flow and reduced substrate fluctuations of CFR systems favored the enrichment of

Methanothrix over time.

Keywords: Anaerobic digestion mathematical model; Kinetic parameters; Methanosarcina and

Methanothrix; r-/K-strategists; Thermodynamic energy dissipation
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1. Introduction

Anaerobic digestion (AD) is a widely applied biological process that decomposes organic
matter into biogas and plays a critical role in waste treatment and renewable energy production.
Among the key functional microorganisms in AD, methanogens are responsible for methane
generation. Particularly, acetoclastic methanogenesis, which converts acetate into methane,
contributes to over 60% of total methane output in most systems (Boone David et al., 1989;
Jetten et al., 1990; Pan et al., 2021). Notably, only two methanogens are known to perform this
function: Methanosarcina and Methanothrix (formerly Methanosaeta) (Duan et al., 2023).
These organisms differ significantly in their physiological characteristics and ecological
strategies (De Vrieze et al., 2012; Zhu et al., 2024). Methanosarcina is recognized as an r-
strategist, capable of rapid growth and thriving under high substrate concentrations and
dynamic conditions. In contrast, Methanothrix is a K-strategist with high substrate affinity, slow
growth, and a preference for stable environments (Aguilar-Mufioz et al., 2022; Yin et al., 2022).
Despite their importance, the mechanisms governing their coexistence, succession, and
competition remain underexplored. A critical knowledge gap exists in how environmental
parameters such as substrate concentration, operational modes, and solids retention time (SRT)

affect the selection and dominance of these two acetoclastic methanogens in engineered systems.

Anaerobic digestion mathematical models (ADMMs) have been extensively employed to
simulate AD processes (Batstone et al., 2002; Segura et al., 2025). Anaerobic digestion model
No. 1 (ADM1) provides a comprehensive framework that incorporates biochemical reactions,
microbial interactions, and environmental conditions (Mo et al., 2023). It enables the prediction
of system performance and the evaluation of microbial community dynamics (Batstone and
Keller, 2003; Couto et al., 2019; Silva et al., 2025). Using ADMI to simulate the system

dynamics and microbial responses of AD under various operational conditions offers a faster
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and more cost-effective alternative to experimental studies (Salma et al., 2025; Zhao et al.,
2019). However, despite its success, ADMM's application remains limited by the uncertainty
and variability in kinetic and stoichiometric parameters (Kleerebezem and van Loosdrecht,
2006; Mo et al., 2023), especially for less characterized microorganisms like Methanothrix.
Experimental determination of kinetic parameters is often time-consuming, condition-specific,
and prone to inaccuracies. For instance, values for maximum specific growth rates (pmax),
substrate affinity constants (Ks), and biomass yields (Y) vary significantly in literature,
sometimes by an order of magnitude (Conklin et al., 2006; Schmidt and Ahring, 1999; Wandrey
and Aivasidis, 1983). Furthermore, the lack of strain-specific data impedes the accurate
simulation of microbial competition and succession, particularly in dynamic systems such as
sequencing batch reactors (SBRs) and continuous-flow reactors (CFRs). The same ADMI1-
recommended kinetic and stoichiometric parameters are widely used in AD models (Sani et al.,
2025; Sun et al., 2021a; Sun et al., 2021b), while Methanosarcina and Methanothrix differ
markedly in their parameter values when utilizing the same substrate. This gap highlights the

need for more systematic and theory-informed approaches to parameter estimation.

One promising strategy is to integrate thermodynamic principles into kinetic and stoichiometric
parameter estimation. Thermodynamic energy dissipation theory allows for the quantification
of kinetic parameters, such as microbial biomass yields, based on the amount of usable energy
extracted from catabolic reactions (Heijnen, 2002; Kleerebezem and and Van Loosdrecht, 2010;
Wu et al., 2022). This method helps circumvent the limitations of purely empirical approaches
by grounding parameter estimation in biochemical reality (Heijnen and Van Dijken, 1992).
Previous studies have shown that thermodynamic modeling can offer reliable estimates for
energy-limited microbial systems (Delattre et al., 2020; Leurent and Moscoviz, 2022). The

Gibbs energy dissipation approach, which links microbial catabolism and anabolism through
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energy losses, provides a robust framework for estimating growth parameters based on the
amount of biologically available energy. Given that Methanosarcina and Methanothrix differ
in their metabolic pathways and energy conversion, incorporating these differences into
thermodynamic calculations may allow for refined evaluation of their growth kinetics. Building
on this, we propose the integration of thermodynamic principles and metabolic energy into
ADMMs to enhance the mechanistic understanding and predictive accuracy of methanogenic

Processces.

The r/K-strategist behavior of Methanosarcina and Methanothrix can be influenced by factors
such as substrate concentration, SRT, and reactor operation mode (e.g., CFRs and SBRs),
providing practical means to steer their dominance in acetoclastic methanogenesis. By
embedding 1/K strategic traits within ADMM kinetic framework, the model enables simulation
of microbial succession and enrichment patterns driven by substrate availability and SRT (Liu
and Wu, 2023). This hybrid approach, combining energy-based parameter estimation and
ecological strategy modeling, offers a novel framework for enhancing the predictive accuracy

of AD models and guiding the design of robust, strategy-informed bioreactors.

In this study, a novel model framework that integrates r/K selection theory into anaerobic
digestion model was proposed, focusing on acetoclastic methanogens. The study aims to: (i)
derive the kinetic parameters of Methanosarcina and Methanothrix based on thermodynamic
energy dissipation principles, revisiting the thermo-kinetic approach proposed by Heijnen and
Van Dijken (1992); (ii) identify the key kinetic or stoichiometric parameters of the two
methanogens by sensitivity analysis; and (iii) investigate how reactor operational parameters
shape the competitive exclusion dynamics between r- and K-strategist in chemostat cultures.

Applying the 1/K theory in ADMM can enhance our understanding of microbial ecology in AD
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systems and support better system optimization for pollution control and energy production.

2. Materials and methods

2.1. Thermodynamic calculation

Corrected for temperature of the standard Gibbs energy can be obtained from the simplified
Gibbs-Helmholtz equation at non-standard temperatures (Kleerebezem and and Van Loosdrecht,

2010).

T Ts-T
Gy’ (T) = G¢'(Ts) x — +H(Ts) x — ()

Where GfO(T) and GfO(Ts) is the Gibbs energy at actual temperature (T) and standard
temperature (Ts, 298.15 K), respectively. H’(Ts) is the enthalpy at Ts. Gibbs free energy was
calculated assuming liquid concentrations of 1 mol/L, gas partial pressures of 1 atm, pH of 7,

and temperature of 308.15 K.

Moreover, the actual Gibbs energy change (AG) reflecting the effect of substrate and product

concentrations, was calculated using the following equation:
AG=AG’ + RT Y Y; Ing; )

where AG’ is the Gibbs free energy change at 308.15 K, R is the gas constant (8.314
J/(K-mol)), ¥; represents the stoichiometric coefficient of compound i, ¢; is the concentration

of compound i.

Table S1 presents the Gibbs energy values of key reactions in acetate oxidation. Although the
chemical reaction (CH3COO™ +H* — CH4 + CO») is traditionally used to represent the catabolic
conversion of acetate to methane, it fails to capture the energetic differences between
Methanosarcina and Methanothrix (Jin, 2012; Welte and Deppenmeier, 2014; Wu et al., 2022).

Despite catalyzing the same overall reaction, these two methanogens exhibit distinct ATP yields
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due to differences in their metabolic pathways (Jin, 2012; Welte and Deppenmeier, 2014).
Therefore, this study adopts an ATP-based quantification approach to more accurately
characterize the energy generation associated with their catabolic metabolism (AGeat) (Jin, 2012;
Paton and Rodriguez, 2019). The same anabolism energy (AGan) is applied for both

Methanosarcina and Methanothrix.

Since only part of the catabolic energy supports microbial growth, the remaining portion,

defined as dissipated energy, is estimated using Eq. (3) (Heijnen and Kleerebezem, 2010).

AGgis=200+ 18 -(6 - NoC) *+ exp [ {(3.8 - 12} (3.6 + 0.4NoC)]  (3)

Here, NoC represents the number of carbon atoms in the carbon source, and y refers to the
degree of reduction of the carbon source (e per C-mol of organic or per mol inorganic carbon).
For acetate, NoC is 2 and vy is 4. The stand Gibbs dissipation energy for acetate degradation is
-432 kJ/C-mol biomass. Then, the catabolic multiplication factor (1), which represents the
number of times the catabolic reaction must proceed to generate sufficient Gibbs free energy
for the synthesis of one C-mol of biomass, can be estimated using the dissipation energy

approach (Kleerebezem and and Van Loosdrecht, 2010).

AGal’l+AGdiS
= 4)
'AGcat
Finally, The biomass yield coefficient, decay coefficient (kg), maximum biomass specific
electron-transfer rate (q;**), the maximal rate of Gibbs energy (q5™), Gibbs energy

requirements for maintenance (mg), and pmax were calculated based on thermodynamics

analysis (see Supplementary Material 1) (Heijnen and Kleerebezem, 2010; Heijnen and Van

Dijken, 1992; Tijhuis et al., 1993).
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2.2. Model establishment and simulation

The anaerobic acetate degradation was simulated using the AQUASIM 2.0 software (Reichert,
1994, 1998). In the models, Methanosarcina and Methanothrix were regard as r- and K-
strategists, respectively. Each microbial group was initialized at a biomass concentration of 3 g
COD/L. The total bioreactor volume was 6 L, with 5 L working liquid and 1 L headspace. The
system operated at the temperature of 35°C with hydraulic retention time of 24 h. For SBR
configuration, the feed phase was set to a duration of 0.03 d. Additionally, the gas-liquid transfer
of Hz, CO», and CH4 was also simulated. The mass transfer rate is represented by Eq. (5):

Pri=Kra (Siiq;i - Kn,iPgas,i) )

Where Pr;(M/d) represents the mass transfer rate of the gas component 7, and Kza (1/d) is the
volumetric gas-liquid mass transfer values. A uniform K;a value for CO2, Hz, and CHa is applied
as suggested in ADMI1 (Batstone et al., 2002), with the value of 3.2 1/d (Merkel and Krauth,
1999). Siig,i (M) is the concentration of component i in the liquid phase; Ky; (M/bar) is Henry’s
constant of component i; Pgys i (bar) represents the partial pressure of component i in the gas
phase. The headspace pressure was assumed to be 1 atm, and all gases were considered to follow
the ideal gas law (Batstone et al., 2002). Details regarding the implemented processes, reaction

kinetics, and model parameters in the developed ADMM are provided in Table S2 - S3.

The kinetic and stoichiometric parameters incorporated into the model were obtained from
multiple sources (Table S4): thermodynamic calculations in this study, experiment and model
data reported in earlier studies, traditional ADM1, and literature-based average values specific
to Methanosarcina and Methanothrix. All models were simulated until they reached a stable
state; otherwise, results were taken after 4000 days of operation. The minimum concentration

for all compounds was set at 10 g COD/L.
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2.3. Sensitivity analysis

To assess the key factors (operational conditions, kinetic, and stoichiometric parameters)
influencing the selection of r- and K-strategists, a sensitivity analysis was performed.
Considering the variation among different datasets, using the literature-based average values is
reasonable in sensitivity analysis. The sensitivity index (SI) is defined by Eq. (6) (Reichert,

1994):

_qar_ Oy
SI—B?,,; =p % (6)

Where o, refers to the absolute-relative sensitivity function, y denotes the state variable, and

p represents the parameters analyzed. A positive sensitivity index value indicates a positive
relationship between parameter p and state variable y, whereas a negative SI suggests an inverse
relationship. In this analysis, the microbial concentrations of Methanosarcina and Methanothrix

were selected as the state variables to evaluate parameter sensitivity.

2.4. Effects of SRT and acetate concentration on the selection of Methanosarcina and
Methanothrix

The developed model with literature-based average kinetic and stoichiometric values was used
to simulate two sets of scenarios under both SBR and CFR: SRTs varying from 5 to 200 days
with acetate maintained at 3 g COD/L, and acetate concentrations ranging from 0.2 to 15 g

COD/L under a fixed SRT of 25 days.

10
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3. Results and discussion

3.1. Literature survey of Kinetic and stoichiometric parameters for Methanosarcina and
Methanothrix

Fig. 1 presents a comparison of key kinetic and stoichiometric parameters between
Methanosarcina and Methanothrix based on literature data (Supplementary material 1),
revealing distinct ecological strategies aligned with r-/K-strategists (Andrews and Harris, 1986;
Yin et al., 2022). Methanosarcina shows a higher average biomass yield of 0.055 g COD
biomass/g COD acetate, compared to 0.032 g COD biomass/g COD acetate for Methanothrix.
Similarly, pmax of Methanosarcina averages 0.60 1/d, nearly three times of Methanothrix (0.22
1/d), with Methanosarcina also showing higher inter-study variability. The half-saturation
constant for Methanosarcina is significantly higher at 265.9 mg COD/L, indicating a lower
substrate affinity than Methanothrix, which has an average Ks of 57.7 mg COD/L. The
maximum specific substrate utilization rate (k,) of Methanosarcina is 9.02 g COD acetate/g
COD biomass/d, while Methanothrix averages only 2.95 g COD acetate/g COD biomass/d.
Notably, the decay rate (kq) for Methanosarcina is 0.055 1/d, which is more than five times
higher than Methanothrix at 0.01 1/d, suggesting a higher maintenance energy requirement and

turnover rate of Methanosarcina (Conklin et al., 2006).

These differences reinforce the classification of Methanosarcina as an r-strategist, whereas
Methanothrix behaves as a K-strategist, adapted to stable environments with lower substrate
levels (De Vrieze et al., 2012; Zhu et al., 2024). Moreover, Methanothrix exhibits lower kinetic
parameter values with tighter interquartile ranges, indicative of a more specialized, K-strategist
lifestyle optimized for efficiency and persistence under stable conditions. Methanosarcina
exhibits a much wider distribution in its Ks, ranging from 140 to nearly 365 mg COD/L,

indicating substantial variability across studies (interquartile range spans over 200 mg/L). In

11
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contrast, Methanothrix shows a tighter distribution around its average of 57.71 mg COD/L,
suggesting more consistent affinity characteristics. Similarly, kq of Methanosarcina also shows
high dispersion, with values ranging from near 0 to 0.1 1/d, while Methanothrix displays
minimal spread around its much lower average of 0.01 1/d. This greater variability in
Methanosarcina’s parameters could reflect its metabolic flexibility and broader adaptability
under diverse environmental conditions, consistent with r-strategist behavior (De Vrieze et al.,

2012).

3.2. Thermodynamic calculation

The thermodynamic energy dissipation approach was employed to estimate the kinetic
parameters of Methanosarcina and Methanothrix. The energy generated during their catabolic
metabolism was assessed based on ATP yield via their metabolic pathways. It is commonly
assumed that Methanosarcina yields approximately 0.75 mol ATP per mol acetate, while
Methanothrix produces around 0.25 mol ATP per mol acetate, due to differences in their energy
conservation pathways (Jin, 2012). Assuming a standard Gibbs free energy of ATP hydrolysis
of 60 kJ/mol, the catabolic energy yields of Methanosarcina and Methanothrix are estimated to
be approximately -45 kJ/mol and -15 kJ/mol, respectively, under standard conditions. These
estimates are context-dependent and influenced by factors such as electron transport chain
architecture and chemiosmotic efficiency (Buan, 2018). While exact ATP yields may vary with
environmental conditions, the values are cited here to reflect general trends in their metabolic
energetics. Then the dissipated catabolic energy was calculated and subsequently used to
determine Y via the thermodynamic model. However, when calculating the maintenance energy
and decay coefficient using conventional thermodynamic approaches, the resulting values were
unrealistically high and required correction (Bonk et al., 2019) (Table S5). To address this, a

maintenance energy value of mp = 0.003 mol acetate/mol biomass/h was adopted for
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Methanosarcina (Wandrey and Aivasidis, 1983), while Methanothrix was assumed to require
half of that value. Based on these assumptions, the corresponding values of Gibbs maintenance

energy were then derived. It is important to note that the q;**, corresponds to the parameter ki

in ADMM, is determined solely by temperature and substrate properties in thermodynamic
approaches. The calculated value of 308 K (7.31 mol e/mol biomass/h) was significantly higher
than expected, and with no difference in Methanosarcina and Methanothrix (Table S5) (Heijnen
and Kleerebezem, 2010). Therefore, the literature-based average values of ki, were adopted for

max

correction, yielding q7** values of 1.58 mol e/mol biomass/h for Methanosarcina and 0.52

mol e/mol biomass/h for Methanothrix (Table S5).

The trends observed in Y and pmax With varying catabolic energy (represents varying energy
utilization efficiencies 10% ~ 100%) are depicted in Fig. 2, highlighting the sensitivity of these
kinetic and stoichiometric parameters to underlying thermodynamic assumptions. The
thermodynamic analysis clearly demonstrated that Y of Methanosarcina and Methanothrix
increased linearly with the decrease in Gibbs free energy change (AGeat), indicating a direct
relationship between available energy and microbial biomass yield. The variation in pmax Was

slight in this study, as pm.x was associated with q5*™, which was held constant. For

Methanosarcina, as AGeas becomes more negative from -4.65 to -46.49 kJ/mol acetate, Y rised
from 0.005 to 0.049 g COD biomass/g COD acetate, with the pmax 0 0.49 1/d. For Methanothrix,
Y increased from 0.002 to 0.017 g COD biomass/g COD acetate across AGea values of -1.55 to
-15.5 kJ/mol acetate, with the pmax 0f 0.052 1/d. The calculated results revealed that the pimax of
Methanothrix is significantly lower than experimentally reported values. This discrepancy may
be attributed to underestimation of catabolic energy release or overestimation the energy
dissipation of Methanothrix (Heijnen and Kleerebezem, 2010), suggesting that the metabolic

pathway could be more efficient (Buan, 2018). Paton and Rodriguez (2019) suggested that
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model calibrations could target pmax with maintaining the upper bioenergetic limit of microbial
growth yield. Moreover, Methanothrix, with a higher energy ulitilization efficiency, can persist
at much lower AGea values, potentially explaining its dominance under low-acetate conditions.
Due to the absence of a reliable estimation approach for the half saturation constant (Heijnen
and Kleerebezem, 2010), its value was adopted from the literature-based average value in the

subsequent modeling.

These results indicate that while thermodynamic-based approaches can provide reasonable
estimates of parameters estimation for Methanosarcina, their applicability to Methanothrix
appears limited. However, the results also indicated that the thermodynamic energy dissipation
approach is a promising method for differentiating microbial kinetic parameters for
Methanosarcina and Methanothrix (Heijnen and Kleerebezem, 2010; Picioreanu et al., 2007).
Based on biomass yield values reported in the literature, the Gibbs energy dissipation was
estimated to be approximately 389.1 klJ/mol for Methanosarcina and 215.8 klJ/mol for
Methanothrix, highlighting a substantial difference in energy dissipation between the two
organisms. These calculated values are in line with previous findings suggesting that rapid
microbial growth is often associated with increased energy dissipation, as fast-growing cells
require higher metabolic fluxes (Heijnen and Van Dijken, 1992; von Stockar, 2014). These
estimations, however, should be interpreted with caution and warrant further validation. This
underscores the importance of refining parameters, such as AGgis in a strategy-specific manner
in future modeling studies (Heijnen and Kleerebezem, 2010; Wu et al., 2022). as Methanothrix
may dissipate less energy than Methanosarcina, enabling its survival under more energy-limited
conditions. Moreover, recent study showed that Methanosarcina exhibits a significantly higher
energy threshold (19.7 + 2.7 kJ/mol) compared to Methanothrix (11.8 + 5.2 kJ/mol) (Jin,

2012), suggesting a greater minimum free energy requirement for initiating metabolism. This
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difference supports the interpretation that Methanothrix, with its lower energy threshold, is

better adapted to persist in energy-limited environments where substrate concentrations are low.

3.3. Simulation results based on different data sources

A detailed comparison of the simulation results based on five data sources (Table S4) revealed
the biomass dynamics patterns of Methanosarcina (r-strategist) and Methanothrix (K-strategist),
shaped by their physiological traits and model parameters (Fig. 3). In all simulations, a
standardized condition was applied with an SRT of 25 days and an influent acetate

concentration of 3 g COD/L.

In all scenarios, as the system stabilizes, Methanosarcina outcompetes Methanothrix in both
SBR and CFR. It was suggested that under the given operational conditions (SRT =25 d, acetate
= 3 g COD/L), r-strategists are better adapted to long-term steady-state environments,
ultimately leading to their dominance. Particularly striking is the thermodynamic-based model,
Methanosarcina consistently dominates over Methanothrix throughout the entire operation
period in both SBR and CFR systems. It might be attributed to that Methanothrix exhibits a
much lower biomass yield (Y = 0.017 g COD biomass/g COD acetate) than Methanosarcina
(Y = 0.049 g COD biomass/g COD acetate), limiting its biomass accumulation. The
thermodynamic-based parameters might underestimate the competitive edge of K-strategists
under these conditions, leading to the persistent suppression of K-strategists. Based on the
datasets from the experiment of Conklin et al. (2006) and the model of Figdore et al. (2013), at
the early stage of operation, Methanothrix exhibits higher biomass concentrations in both SBR
and CFR systems, probably benefiting from its high substrate affinity and efficient substrate
utilization. However, as time progresses, Methanosarcina gradually increases and surpasses
Methanothrix at the steady-state phase. This shift may be attributed to Methanosarcina's higher
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maximum specific growth rate. In Conklin et al. (2006) dataset, a longer time is required to
reach steady-state conditions compared to Figdore et al. (2013). This is likely due to the
relatively high decay coefficient for both Methanosarcina (0.098 1/d) and Methanothrix (0.006
1/d) (Conklin et al., 2006). A higher decay rate leads to faster biomass loss, especially in the
initial phase, thereby prolonging the time needed for biomass to stabilize. The ADMI1
recommends low decay rates (0.01 ~ 0.02 1/d), but due to the strong correlation between decay
and uptake rates, higher decay rates, as used in the Siegrist et al. (2002) model (0.05 1/d), can

be offset by increased uptake rates.

In contrast to datasets derived from specific experimental studies or thermodynamic
considerations, the traditional ADM1 model does not differentiate Methanosarcina and
Methanothrix, treating methanogens as a mixed population with uniform kinetic parameters
(Batstone et al., 2002). As a result, the simulated biomass yields concentration is slightly higher
in the SBR system compared to CFR. This suggests that the operational mode of SBR,
characterized by high concentrations immediately after feeding, is more favorable for
Methanosarcina, which thrives under fluctuating and high-acetate environments, in contrast to

the more constant and diluted conditions in CFR.

The concentration profiles of acetate, CHa, along with the Gibbs free energy change in SBR
and CFR systems based on model simulations using literature-based average values are shown
in Fig. S1. In SBR system, acetate concentrations exhibited periodic fluctuations due to batch
feeding and were rapidly depleted (<4 h), accompanied by corresponding decreases in available
energy (-40 to -3 kJ/mol ) during consumption. In contrast, the CFR system maintained stable
acetate levels (~ 0.1 g COD/L) and consistently favorable AG values (-32 kJ/mol). The
thermodynamically favorable conditions (AG < -30 kJ/mol) in both systems supported the
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dominance of Methanosarcina, which grows faster than Methanothrix at 3 g COD/L under 25
days SRT. Overall, Methanosarcina exhibited higher biomass concentrations, despite
Methanothrix’s low decay rate and substrate threshold, its biomass accumulation remains
minimal due to the low growth yield. These findings support the niche differentiation theory,

highlighting Methanosarcina’s preference for fluctuating, nutrient-rich conditions.

3.4. Sensitivity analysis

To evaluate the influence of key parameters on model performance, a dynamic sensitivity
analysis was conducted. The sensitivity index was calculated over a simulation period of 200
days for six representative kinetic and operational parameters: km, Ks, k¢, SRT, Y, and acetate

concentration (AC) (Fig. 4).

For Methaosarcina in SBR, as illustrated in Fig. 4a, Y and AC exhibited the highest sensitivity
indices throughout the simulation, both stabilizing above 1.0 after approximately 50 days. This
suggests that biomass yield efficiency and acetate concentration are the most influential
variables governing acetate degradation under r-strategist selection conditions. SRT
demonstrated a unique time-dependent sensitivity pattern. During the initial phase (0 ~ 14 days),
SRT showed an increase SI exceeding 0.5, suggesting that extending the SRT significantly
enhanced system stability and biomass retention in early development. However, the SI of SRT
gradually declined (14 ~ 75 days) and fluctuated at lower levels, indicating a reduced influence
in the later phase. It then gradually increased again and eventually stabilized at around 0.46
during the steady-state phase. This dynamic highlights the importance of carefully controlling
SRT during the start-up period of r-strategist dominated systems to support rapid growth, while

excessive retention in the steady state may offer diminishing returns.
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Notably, kq showed a pronounced negative SI in the initial phase (down to -0.93 at day 20),
indicating that increased cell decay adversely affected system performance during start-up (Liu
and Wu, 2023). Over time, this impact diminished to -0.69 as the microbial population adapted
to operational conditions. km showed moderate sensitivity (SI peaking at 0.54), particularly
during the early operational phase (0 ~ 50 days), indicating that growth kinetics of r-strategists
are critical during the initial colonization and acclimation (Chen et al., 2016). In contrast, Kg
exhibited consistently low sensitivity. Havlik et al. (1984) also found that yield coefficients and
rate constants were the most influential parameters in anaerobic digestion modeling, while
saturation constants had minimal impact. A similar SI trend of Methaosarcina was observed in
CFR (Fig. 4b), except that the SI of SRT became negative between days 30 and 95, indicating
that extended SRT during this period may have limited biomass growth of r-strategist (Lopez
and Borzacconi, 2010; Melcer, 2004). In contrast, Ks in the CFR system demonstrated a more
pronounced negative sensitivity, especially around day 50, suggesting that substrate affinity

played a more influential role in the continuous system.

For Methanothrix in SBR (Fig. 4c), SRT exhibited the highest influence, reaching a peak SI
value exceeding 1.0 at day 20 to 40, indicating its critical role during the early operational phase.
km and Y showed moderate sensitivity, peaking between 32 to 65 days and gradually declining
afterward. In contrast, kq maintained a consistently negative SI, highlighting its persistent
adverse effect on system behavior. Notably, Ks remained near zero throughout the simulation
period, suggesting minimal influence on the system's response and indicating potential for
model simplification. AC showed a transient slight impact, with its SI peaking (0.19) in the

early phase before declining, implying a limited but time-specific role.

For Methanothrix in the CFR configuration (Fig. 4d), a similar trend of sensitivity indices was
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observed of SRT, Y, and km, except that they reached slightly higher peak values compared to
those in the SBR system. Consistent with the trend observed for Methanosarcina, Ks in the
CFR system exhibited a more pronounced influence on Methanothrix compared to the SBR
system. The sensitivity index for kg reached a deeper negative value and persisted longer for
Methanothrix in SBR compared to CFR. This suggests that biomass loss due to endogenous
decay of Methanothrix is more detrimental in the SBR system, possibly due to the periodic
discontinuities in feeding that reduce resilience to decay-driven biomass reduction. In the CFR
system, the continuous inflow may help maintain a more stable microbial population for K-

strategists, mitigating the impact of endogenous decay (Conklin et al., 2006).

This analysis provides quantitative guidance for parameter prioritization during model
calibration and system design. Particularly, it emphasizes the importance of optimizing Y and
AC for Methaosarcina, especially in the early phase, for enhanced anaerobic acetate
degradation performance. For Methanothrix, with proper SRT control in the early stage, the
system naturally transitions into a stable state. Given that the kinetic parameters cannot be
directly manipulated in practice, operational variables such as SRT and acetate concentration

were used as key levers to achieve the desired system dynamics.

3.5. Effect of SRT on the selection of r-/K-strategists

SRT is a key parameter in bioreactor operation, since insufficient retention time may result in
microbial washout (Rittmann and McCarty, 2020). This study investigated the biomass
distribution patterns of Methanosarcina and Methanothrix under varying SRTs using the
average of the surveyed kinetic data. To enable a comprehensive analysis, four acetate
concentrations were selected: 0.2, 0.75, 3, and 5 g COD/L (Fig. 5). The results demonstrated

that SRT significantly influenced the competition between these two acetoclastic methanogens.
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In the SBR system, under low acetate concentration (0.2 g COD/L), the biomass of
Methanothrix continuously increased with prolonged SRT, eventually outcompeting
Methanosarcina at an SRT of 30 days. In contrast, Methanosarcina showed a slight high
accumulation than Methanothrix at low SRT (< 30 days), followed by a decline, indicating that
long SRT was unfavorable for its persistence at low acetate concentration (Chang et al., 2024;
Lv et al., 2016). At a moderate acetate concentration (0.75 g COD/L), Methanosarcina
exhibited rapid early growth and dominant when SRT < 70 days, and its biomass also gradually
declined at higher SRTs. Meanwhile, Methanothrix slowly accumulated and eventually
surpassed Methanosarcina at approximately 70 days of SRT, indicating that longer SRTs favor
the later enrichment of Methanothrix. Under higher acetate concentration (3 g COD/L),
Methanosarcina maintained a high biomass across the SRT range, peaking at around 1.76 g
COD/L at 150 days SRT. Although Methanothrix grew more slowly, it gradually caught up and
approached the biomass level of Methanosarcina after SRT > 180 day. This indicates that while
Methanosarcina is more adaptive to high substrate conditions, Methanothrix can also enrich
under extended SRTs. At the highest acetate concentration (5 g COD/L), Methanosarcina
clearly dominated. Methanothrix remained at a lower biomass level than Methanosarcina
during the entire period (SRT < 250 days), until Methanothrix eventually gained dominance at
an SRT of 280 days. Overall, these results suggest that Methanothrix holds a competitive
advantage under low substrate concentrations and extended SRTs, whereas Methanosarcina
gains a competitive edge under high substrate loads and short SRTs (Conklin et al., 2006; De
Vrieze et al., 2012; Lee et al., 2025). This reflected distinct ecological niches and physiological
strategies, offering valuable guidance for regulating acetoclastic methanogenesis in anaerobic

digestion systems.
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In the CFR system, under low organic concentrations (0.2 and 0.75 g COD/L), Methanosarcina
dominated during the early stages, with significantly higher biomass than Methanothrix at short
SRTs (< 50 days). Under high organic concentrations (3 and 5 g COD/L), Methanosarcina also
exhibited early dominance, peaking at 2.7 g COD/L at an SRT of 45 days under 5 g COD/L
conditions. However, Methanothrix showed a late-stage bloom, surpassing Methanosarcina at
55 days SRT. Notably, under 5 g COD/L conditions, Methanothrix reached a biomass of 3.5 g
COD/L at 55 days SRT, while Methanosarcina declined sharply to only 0.01 g COD/L.
Although Methanothrix was also able to accumulate in the CFR under a low organic
concentration (0.2 g COD/L), its biomass remained lower than in the SBR system. Under high
acetate concentrations (e.g., 3 and 5 g COD/L), Methanothrix overtook Methanosarcina at
lower SRTs in the CFR compared to the SBR. This implies that the continuous operation of
CFR enhanced the competitive advantage of Methanothrix, probably due to its higher acetate
affinity and better adaptation to stable environments (Chang et al.,, 2024). In contrast,
Methanosarcina showed some degree of resilience to increasing SRT in the SBR, while in the
CFR (Fig. 5c, d), it was completely disappeared once SRT exceeded 55 days. The intermittent
feeding capability of the SBR allowed Methanosarcina to maintain dominance for a longer
duration (Chang et al., 2024). Therefore, in engineering applications aimed at enriching
Methanosarcina, the SBR may be the more favorable reactor type (Chang et al., 2025). An
interesting phenomenon was observed that Methanothrix was able to persist for extended
periods even below its critical SRT. For instance, it remained detectable in SBRs at 3 g COD/L
with an SRT of 180 days and at 5 g COD/L with an SRT 270 days, as well as in CFRs at 3 g

COD/L and 5 g COD/L with 50 days SRT (Fig. S2).
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Fig. S3 illustrates the concentration profiles of acetate and CH4 over time in SBR operated at
four different acetate concentration under 50 days SRT. At all concentration, acetate was
rapidly depleted after each feeding cycle, with the simulatenous methane production. At higher
organic concentrations (3 and 5 g COD/L), acetate exhibited pronounced periodic fluctuations,
while CH4 production reached saturation early. The Gibbs free energy profiles revealed that
under low acetate concentrations (e.g., 0.2 g COD/L), AG values remained more negative
(approaching -10 kJ/mol) compared to those at higher concentrations (e.g., -3 kJ/mol at 5 g
COD/L), probably indicating more thermodynamically favorable conditions for acetoclastic
methanogenesis. These low available energy conditions probably advantageous for
Methanothrix over Methanosarcina, thereby might explain its competitive dominance under
low substrate concentration. Fig. S4 illustrates the concentration details of acetate and CHs in
CFR operated at different acetate concentration under 50 days SRT. Acetate remained
consistently low (< 0.1 g COD/L) across all influent COD concentrations, while increasing
COD accelerated methane production. Methane production initially increases due to system
startup, then stabilizes once the system reaches a steady state. At all influent COD
concentrations, AG stabilized below -30 kJ/mol after the initial stage, indicating consistently
favorable thermodynamic conditions for methanogenesis. The more negative AG values
observed at higher COD levels reflect greater energy yield, which might favor Methanosarcina,
as a competitive acetoclastic methanogen under energy-rich conditions. While lower acetate

concentrations with lower available energy might create an optimal niche for Methanothrix.

In summary, as the acetate concentration increases, Methanothrix requires longer SRTs to
achieve dominance. Under high organic concentration conditions, Methanosarcina rapidly

accumulates in the early stages due to its high maximum growth rate and tolerance to substrate
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fluctuations. However, as the SRT increases, its population may decline, possibly because it is
less adapted to densely populated environments. Methanosarcina has a faster growth rate and
efficiently utilizes substrate under short SRTs, whereas Methanothrix, though slower growing,
exhibits a stable and robust enrichment trend under prolonged SRTs. This aligns with classical
chemostat theory, which predicts that slower-growing organisms are excluded at high dilution
rates, but can outcompete faster growers under low dilution rates. The dominance of
Methanosarcina under short SRTs or high loading rates (e.g., in high-rate UASB reactors)
(Zhang et al., 2020) reflects the predictions of classical chemostat models regarding r-
strategists. Conversely, the shift toward Methanothrix under extended SRTs demonstrates a
typical K-strategist behavior. In anaerobic systems with long SRTs or stable operation (e.g.,
fixed-bed or membrane bioreactors), Methanothrix demonstrated better adaptability and
contributes to long-term system stability (Hou et al., 2020). In these systems, biomass is
retained via biofilm attachment or membrane separation, preventing microbial washout and
thereby altering competition dynamics relative to those in CFRs or SBRs. One deviation from
classical chemostat theory is the observed coexistence of Methanosarcina and Methanothrix at
long SRTs in SBRs, which may be attributed to the long-term retention of Methanothrix near

its critical SRT, even over a decade, an effect not captured by idealized steady-state models.

3.6. Effect of acetate concentration on the selection of r-/K-strategists

The contour plots (Fig. 6) illustrate the distinct biomass accumulation patterns of Methanothrix
and Methanosarcina in SBR and CFR under varying acetate concentrations. Methanothrix
showed a clear preference for low acetate concentrations (0.2 ~ 0.5 g COD/L) and long SRTs
(> 35 days) in SBR, reaching a peak biomass concentration of approximately 0.31 g COD/L at
an SRT of 50 days (Fig. 6b). Its biomass increased steadily with SRT but declined as acetate

concentration exceeded 0.5 g COD/L, indicating its adaptation to substrate-limited conditions
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(Chang et al., 2024; De Vrieze et al., 2012). According to the study of Straub et al. (2006),
Methanosarcina demonstrated a competitive dominance over Methanothrix when acetate
concentrations above 0.14 g COD/L. Methanosarcina exhibited a rapid initial biomass increase
at high acetate concentrations (> 3 g COD/L) at short SRTs, suggesting its preference for high
substrate availability. This suggests a strong tolerance to high substrate concentration and fast
growth under favorable substrate conditions for Methanosarcina. However, at low acetate
concentrations (< 0.2 g COD/L), the abundance of Methanosarcina remained minimal,
suggesting its limited competitiveness under substrate-limited conditions (Conklin et al., 2006).
These findings highlight the distinct ecological strategies of the two methanogens:
Methanothrix, a K-strategist, dominates in stable, low-substrate environments, whereas

Methanosarcina, an r-strategist, excels under high substrate concentration (Straub et al., 2006).

The abundance trend of Methanosarcina in the CFR closely mirrored that in the SBR, showing
a consistent response to acetate concentration across both systems (Fig. 6¢). In contrast, CFR
systems showed a more pronounced shift in microbial dominance with acetate concentration
increase for Methanothrix (Fig. 6d). Methanothrix biomass increased steadily with acetate
concentration decrease, peaking at 0.46 g COD/L biomass at 2.5 g COD/L under 50 days SRT.
It also maintained moderate biomass under low acetate conditions (0.2 ~ 1.0 g COD/L),
reinforcing its high substrate affinity and competitive fitness in continuous systems. This shift
indicates that CFR systems, which maintain stable flow and minimize substrate fluctuations,
favor the enrichment of Methanothrix over time (Chang et al., 2025). This differential
ecological adaptation has important implications for the targeted enrichment of acetoclastic
methanogens in anaerobic digestion processes, depending on system configuration and

operational goals.

24



555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

4. Conclusions

The thermodynamic energy dissipation approach combined with metabolic energy analysis
offers a promising framework for differentiating the kinetic characteristics of the two
methanogens. The observed kinetic diversity among functional microorganisms in anaerobic
digestion highlights the relevance of incorporating 1/K selection theory into ADMMs. Targeted
manipulation of r- and K-strategists, individually or in combination, can be realized by
adjusting operational parameters such as operational mode, solid retention time, and acetate
concentration. Sensitivity analysis revealed that Methanosarcina was strongly affected by
biomass yield and acetate concentration, while the enrichment of Methanothrix could be
effectively controlled by adjusting SRT. Methanosarcina showed a higher biomass yield under
high acetate concentration, whereas Methanothrix demonstrated a sustained enrichment trend

under extended SRTs or low substrate concentrations in CFRs.
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Fig. 1. Kinetic parameters of Methanosarcina and Methanothrix, (a) biomass yield (Y); (b)

maximum specific growth rate (Umax); (¢) half-saturation constant (Ks); (d) maximum

specific substrate utilization rate (k,); (e) decay rate (kq).
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