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Abstract 

Freshwater lakes are a significant site for biological methane production and its subsequent 

emission into the atmosphere as a potent greenhouse gas. Methane in freshwater lakes is mostly 

produced in anoxic sediments by archaea from the taxon Euryarchaeota. The archaea metabolize 

substrates derived from the decomposition of organic matter by anaerobic bacteria. This indicates 

that both organic matter supply and microbial community composition are  drivers behind 

methanogenesis. However, the interaction between these two factors and the extent of their role 

remains mostly unexplored. We sampled from Morris Lake, a mesotrophic lake situated at the 

University of Notre Dame Environmental Research Center, and constructed sediment incubations 

treated with  algal additions and antibiotic additions in full factorial. The rates of methane and 

carbon dioxide were estimated and used to determine the influence of organic matter supply and 

microbial community composition. We hypothesized that treatments with algal additions and 

without antibiotics would have the highest production rates. Accordingly, we found a significant 

effect and interaction between algal additions and a lack of antibiotics. This indicates that 

microbial community composition and organic matter supply are significant factors in the 

production of methane in anoxic lake sediments, as well as being intricately dependant on each 

other. 
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Introduction 

The biological production of methane is a significant source of methane emission to the 

atmosphere, accounting for approximately 74% of the emitted methane globally (Liu & Whitman, 

2008). This is driven by the metabolization of microbial substrates by obligate anaerobic archaea 

from the taxon Euryarchaeota (Liu & Whitman, 2008). These archaea have been commonly found 

in temperate freshwater sediments, marine sediments, flooded soils, among other anoxic and 

lightless environments (Liu & Whitman, 2008). As such, anoxic freshwater lake sediments are a 

significant source of biological methane production and can account for 30%-80% of the anaerobic 

carbon mineralization in water reservoirs (Bastviken et al., 2003). Consequently, it has a 

significant role in the global carbon cycle and influences atmospheric concentrations of methane. 

Globally, freshwater ecosystems are estimated to contribute anywhere from 6%-16% of global 

methane emissions (West et al., 2012). Previous research suggests that the biological production 

of methane by Euryarchaeota is driven by the supply of organic matter and, to a less defined 

degree, the microbial community composition (West et al., 2012; Grasset et al., 2018).  

Methanogenic archaea have an inherent dependence on anaerobic organisms and 

eukaryotes. They are unable to directly metabolize complex organic matter and require other 

organisms to break down complex molecules- such as carbohydrates, fatty acid chains, and 

alcohols- into simpler molecules that they can then convert into methane (Liu & Whitman, 2008). 

Methanogenic archaea are known to utilize three substrates; namely, carbon dioxide, methyl 

containing groups, and acetate (Liu & Whitman, 2008). However, in freshwater sediments, carbon 

dioxide and acetate are the most abundant substrates (Liu & Whitman, 2008). Furthermore, non 

methanogenic microbes also aid in the fate of the methane in the ecosystem. Methane can either 

be oxidized by methanotrophic bacteria or evade this process and be emitted into the atmosphere 



(West et. al., 2016). Thus, bacterial metabolization of methane is an alternate pathway to methane 

emission. This metabolic dependency is indicative of an intricate relationship between 

methanogenic organisms and non methanogenic organisms, where the microbial community 

composition plays a key role in biological methanogenesis.  

Understanding how biological methanogenesis is influenced by organic matter supply and 

microbial community composition is significant in the face of anthropogenic eutrophication of 

water reservoirs. This is especially important in the context of ongoing climate change and the 

effect of greenhouse emissions, including methane gas. Eutrophication is commonly defined as an 

increase in primary productivity- namely, algae- caused by excess supply of limiting nutrients. In 

many places, eutrophication of inland waters is primarily due to anthropogenic causes, specifically, 

agriculture. Increased sewage waste and agricultural fertilizers residue coupled with increased 

runoff and severe precipitation patterns represent important pathways for nutrient discharges from 

agricultural farms into inland water reservoirs (Beaulieu et al., 2019). This trophic status is 

characterized by having a poor phytoplankton biomass, causing a shift in secondary production 

and, thus, microbial community composition (Haukka et al., 2006). The shift in microbial 

composition caused by eutrophication is significant given that previous research has found that 

increased quantity of algal substrate has a strong positive correlation to increased methanogenesis 

rates in anoxic lake sediments (West et al., 2012, 2015; Beaulieu et al., 2019). This highlights the 

importance and interaction of organic matter supply in the context of microbial community 

composition.  

The goal of this investigation was to determine the effect of microbial diversity on the 

availability of substrates for the archaea to metabolize- and, thus, perform methanogenesis- as well 

as how this compared to the effect of organic matter supply. To do so, incubation experiments will 



be designed with algal additions and antibiotic additions in full factorial. We hypothesize that 

antibiotic treatments will negatively influence methanogenesis rates, via the reduced supply of 

growth substrates, and that algal additions will positively influence methanogenesis. Thus, the 

treatments without antibiotics and with algal additions were expected to have the highest rates of 

methanogenesis. The differences in the results were used to determine  whether microbial 

community composition or organic matter supply had a greater effect in driving methanogenesis 

in anoxic lake sediments.  

 

Methods 

Experimental Design 

To determine the influence of organic matter supply and microbial community composition 

on sediment methane production, sediment incubation experiments were conducted in which they 

were treated with antibiotics and algal additions in full factorial with five replicates each. 

Sediments samples were obtained from Morris Lake to construct laboratory incubations. We chose 

Morris Lake because previous research has shown a marked positive effect when treated with algal 

additions (West et al., 2015). Additionally, there is extensive physical, chemical, and biological 

characterization on the lake available which provided useful background for the experiments 

(Solomon et al., 2018). Morris lake is approximately 6 ha and has a maximum depth of 

approximately 6.7 meters (Figure 1). The limnological profile of Morris Lake detailing dissolved 

oxygen levels and temperature is depicted in Figure 2. The thermocline is at an approximate depth 

of 2 meters (Figure 2). The dissolved oxygen levels are 0% at the bottom of the lake, ensuring the 

anoxic conditions of the sediments sampled (Figure 2).  



To collect construct sediment incubations that mimic the conditions in the sediments of 

Morris Lake, anoxic sediments were sampled from the deepest point in the pelagic region. 

Hypolimnion water was collected from above the sediment surface. Incubations were constructed 

in 125 mL sealed serum bottles containing 25 mL of sediment and 25 mL of hypolimnion water. 

To ensure anoxic conditions, the headspace of the serum bottle was purged with 𝑁2 gas. Bottles 

were incubated at 4 °C in the dark for 25 days.  

There were five replicates for each treatment for a total of 20 incubations distributed as 

follows: 5 control, 5 with algal additions, 5 with antibiotic treatments, and 5 with both algal and 

antibiotic additions. The phytoplankton S. obliquus was cultured in 50% Bold’s Basal Medium 

(BBM) and used for algal additions. Incubations assigned with algal addition treatments received 

25 mg of dried S. obliquus biomass at the beginning of the incubation. To manipulate the microbial 

community, rifampicin and ampicillin were added to serum bottles to final concentrations of 100 

ug/mL. 

Quantification of CO2 and CH4 Production 

Carbon dioxide and methane were sampled from the headspace of the sediment incubations 

6 times over 26 days, or approximately once every 5 days. The gas samples were collected in a 

sealed GC vials and analyzed with gas chromatography as described in West et al. 2012. To 

estimate rates of methane and carbon dioxide production, a linear regression was fitted to the time 

series and the slope used to infer the rate of production.  

Statistical Analyses  

To determine whether algal additions or microbial community composition had a greater 

effect in driving methanogenesis in anoxic lake sediments, we used a two-way Analysis of 

Variance (ANOVA) test to determine if there were any significant differences between the 



sediment incubation treatments. The rates of methane and carbon dioxide production were the 

response, or dependent, variables; whereas the different treatments- algal additions, antibiotics, 

both, or none- were the independent variables.  

Results 

Overall, the treatments with the most methane production were the sediment incubations 

with algal additions and without antibiotics (Figure 4). Treatments without antibiotics consistently 

presented low rates of production, regardless of the presence of algal additions (Figure 4). The 

treatments with the lowest production rates were those without algal or antibiotic additions, as 

expected. Carbon dioxide production rates showed a similar trend (Figure 6). The linear 

regressions for methane and carbon dioxide production depicted in Figure 3 and 5, respectively, 

show a marked increase in methane and carbon dioxide production in the absence of antibiotics.  

In the case of methane production (Figure 4),  both algal (F16,1 = 34.40, p < 0.05) and 

antibiotic (F16,1 = 12.71, p < 0.05) treatments were significant, but the interaction of the treatments 

was also significant (F16,1 = 26.64, p < 0.05). This indicates a dampened effect of algal additions 

in the presence of antibiotics. Likewise, in the case of carbon dioxide production (Figure 6), both 

algal (F16,1 = 29.52, p < 0.05) and antibiotic (F16,1 = 33.01, p < 0.05) treatments were also 

significant in influencing carbon dioxide production, as well as the interaction of the treatments 

was also significant (F16,1 = 12.49, p < 0.05). Carbon dioxide production only increased relative 

to the controls in the populations that had algal additions, but no antibiotic additions. The data 

indicates that microbial community composition does have a direct effect on biological methane 

production. 

 

Discussion 



Biological methane production is influenced by organic matter supply and microbial 

community composition (West et al., 2012; Grasset et al, 2018). The sediment incubation 

treatments with algal additions and without antibiotics had the highest rates of methane production, 

while those with antibiotics had consistently low production rates (Figure 4). The treatments with 

antibiotics presented low production rates regardless of algal additions. This could indicate that 

the effect of algal additions is suppressed in the presence of antibiotics. The antibiotics only have 

adverse effects on the bacterial community present, excluding the methanogenic archaea. Thus, 

the antibiotics affect the microbes who are decomposing the organic matter supply and providing 

substrate for the archaea to then metabolize into methane. The repression of the bacterial 

population by the antibiotics inhibits biological methane production by cutting off the substrate 

supply. This is supported by previous studies conclusions (Bertolet et al., in press; West et al., 

2016). In other words, the algal additions effect is nullified because the organic matter supply on 

its own is not enough to drive methanogenesis. This implies that biological methane production is 

to a notable extent dependant on the microbial community to process an organic matter additions.  

Similarly, the rates of carbon dioxide production follow the same trend. Carbon dioxide is 

a common substrate for methanogenic archaea (Liu & Whitman, 2008). The treatments without 

antibiotics and with algal additions had the highest rates of carbon dioxide, while the treatments 

with antibiotics had the lowest rates (Figure 6). In the case of the treatments with antibiotics and 

with algal additions, there was no bacterial community available to decompose the algae added 

and had the second lowest rate- next to the control treatment (Figure 6). A lack of a bacterial 

community is conducive to a lack of substrate production, as demonstrated by the low carbon 

dioxide in the treatments with antibiotics (Figure 6). This, as  well as the methane production rates 

(Figure 4), also highlights the relationship between the non methanogenic microbes and the 



methanogenic microbes as a crucial network for the production of methane in anoxic lake 

sediments.  

Notably, in the methane production rates, negative trends are seen in all of the treatments 

except the ones without antibiotics and with algal additions (Figure 4). This could be due to the 

concentration becoming diluted over time, given that after sampling we added nitrogen gas to 

ensure the anoxic conditions and it not being actively produced. It could also be due to human 

introduced error if all or most of the sample bottles were leaky or defective. However, it still stands 

that the treatments without antibiotics and with algal additions showed the highest rates of both 

methane and carbon dioxide production, indicating that both organic matter supply and microbial 

community composition are potentially drivers for methanogenesis in anoxic lake sediments.  

This study presented several limitations that could be amended in future research 

investigations. Firstly, we only sampled from Morris Lake as a representative mesotrophic site, 

due to time constraints. Although we had replicates for the treatments conducted, we did not 

sample other mesotrophic lakes. Consequently, it is possible that Morris Lake is not representative 

enough of all temperate mesotrophic lakes and, thus, results might not be accurate enough to be 

able to be extrapolated in order make general statements and conclusions about methane 

production in temperate lakes. For future investigations, we recommend the experimental design 

include a more comprehensive selection of lakes. Secondly, for the antibiotic additions in the 

treatments, we used the same standard concentration for all of them. A future project could 

incorporate different concentrations of antibiotics within the treatments to quantify how dependent 

methane production is on organic matter supply decomposition by anaerobic bacteria. 

Conclusively, microbial community composition does significantly influence biological methane 



production in anoxic lake sediments as well as organic matter supply. However, the exact 

mechanisms and degree of influence is still to be explored. 
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Figure 1. Bathymetric Map of Morris Lake obtained from UNDERC records (“Lake Information”, 

n.d.). 

 

 

 

 

Figure 2. Limnological profile of Morris Lake measuring temperature (C) and dissolved oxygen levels in 

mg/L and percentage.  

 

 



 

Figure 3. Linear regression of methane production (µmolL) per replicate per treatment plotted against the 

incubation days. The slope was used to infer the production rate of methane for each incubation. Treatments 

without antibiotics and with algal additions had the highest production rates, indicating that both factors are 

drivers in methanogenesis. Treatments with antibiotics had low methane production regardless of algal 

additions. 

 



 

Figure 4. Methane production rate (µmol L-1 day-1) plotted against the different treatments of antibiotics 

and algal additions. Both algal (F16,1 = 34.40, p < 0.05) and antibiotic (F16,1 = 12.71, p < 0.05) treatments 

were significant, but the interaction of the treatments was also significant (F16,1 = 26.64, p < 0.05). This 

indicates a dampened effect of algal additions in the presence of antibiotics. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Figure 5. Linear regression of carbon dioxide production (µmol L) per replicate per treatment. The mean 

slope was used to estimate the production rate of carbon dioxide. Treatments without antibiotics and with 



algal additions showed the highest methane production. Treatments with antibiotics showed the lowest rates 

of methane production, regardless of algal additions. 

 

 

Figure 6. Carbon dioxide production rate (µmol L-1 day-1) plotted against the different treatments of 

antibiotics and algal additions. Both algal (F16,1 = 29.52, p < 0.05) and antibiotic (F16,1 = 33.01, p < 0.05) 

treatments were also significant in influencing CO2 production, as well as the interaction of the treatments 

was also significant (F16,1 = 12.49, p < 0.05). CO2 production only increased relative to the controls in the 

populations that had algal additions, but no antibiotic additions. 
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Table 1. Raw data summary table. Rates of methane and carbon dioxide production for each of 

the replicates for each of the treatments.  

 

 

 

Table 2. Raw data summary table. P values and r squared values for methane and carbon dioxide 

production rates. 


