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Lake sediment microbial communities mediate carbon diagenesis. However, microbial
community composition is variable across lakes, and it is still uncertain how variation in
community composition influences sediment responses to environmental change.
Sediment methane (CH4) production has been shown to be substantially elevated by
increased lake primary productivity and organic matter supply. However, the magnitude of
the response of CH4 production varies across lakes, and recent studies suggest a role for
the microbial community in mediating this response. Here, we conducted sediment
incubation experiments across 22 lakes to determine whether variation in sediment
microbial community composition is related to the response of sediment CH4

production to increases in organic matter. We sampled the 22 lakes across a gradient
of pH in order to investigate lakes with variable sediment microbial communities. We
manipulated the incubations with additions of dried algal biomass and show that variation
in the response of CH4 production to changes in organic matter supply is significantly
correlated with metrics of sediment microbial community composition. Specifically, the
diversity and richness of the non-methanogen community wasmost predictive of sediment
CH4 responses to organic matter additions. Additionally, neither metrics of microbial
abundance nor preexisting organic matter availability explained meaningful variation in the
response. Thus, our results provide experimental support that differences in sediment
microbial communities influences CH4 production responses to changes in organic matter
availability.

Keywords: methanogenesis, structure-function links, microbial community structure, eutrophication, sediment
carbon cycling

1 INTRODUCTION

Methane (CH4) production in lake sediments fuels lake greenhouse gas emissions and is a
contributor to atmospheric CH4 concentrations (Bastviken et al., 2011). Variation in CH4

production across lakes has been shown to be correlated with multiple biotic and abiotic
variables, including temperature (Duc et al., 2010; Yvon-Durocher et al., 2014; de Jong et al.,
2018), stratification dynamics (Fallon et al., 1980; Ford et al., 2002), organic matter availability and
lability (West et al., 2012; West et al., 2015; DelSontro et al., 2016; Grasset et al., 2018), and microbial
community composition (Bertolet et al., 2019). Understanding sources of variation in lake CH4
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production has improved our ability to predict how lake CH4

production and emission may change under future
environmental change scenarios.

Recent work has highlighted the role of autochthonous
organic matter (OM) in fueling anaerobic decomposition and
CH4 production across lakes (Deemer et al., 2016; West et al.,
2016). Thus, the global eutrophication of inland waters is
expected to increase lake CH4 emissions (Davidson et al.,
2018; DelSontro et al., 2018; Sepulveda-Jauregui et al., 2018;
Beaulieu et al., 2019). However, the magnitude of the response
of lake CH4 dynamics to increases in autochthonous OM has
been shown to differ across lakes at both the laboratory (West
et al., 2015) and ecosystem (Bertolet et al., 2020) scales.
Determining sources of variation in the relationship between
autochthonous OM and lake CH4 production is thus essential for
constraining future predictions of lake CH4 dynamics.

Variation in the response of lake CH4 production to
autochthonous OM supply may be related to the same factors
that influence CH4 production, such as temperature, oxygen
dynamics, or historic OM availability. However, during
eutrophication, sediment temperature and anoxia are often
stabilized due to increased stratification (Foley et al., 2012;
Müller et al., 2012), and variation in the CH4 production
response to increases in OM remains evident even in
laboratory experiments when temperature and anoxia are
constant (West et al., 2015). Preexisting OM availability may
influence the response if increases in autochthonous OM primes
the carbon pool and allows for the use of previously unavailable
OM (Guenet et al., 2010; Zhang et al., 2017). However, few studies
have tested this in lake sediments.

Cross-lake differences in the sediment microbial community
are another potentially important source of variation in sediment
responses to incoming autochthonous OM. Advances in our
ability to observe and quantify microbial communities have
revealed tremendous diversity in sediment microbial
community composition both within and across lakes (Steger
et al., 2011; Bertolet et al., 2019; Orland et al., 2020; Wang et al.,
2020). CH4 is produced via the anaerobic metabolism of
methanogenic archaea (hereafter referred to as
“methanogens”). However, methanogens can utilize only a
limited number of substrates (acetate, CO2/H2, formate,
methylated compounds, etc.) and are reliant on other
members of the microbial community (hereafter referred to as
“non-methanogens”) to breakdown complex autochthonous OM
into methanogenesis precursors (Nozhevnikova et al., 2007; Liu
and Whitman, 2008). Because of these complex biogeochemical
interactions, community composition and abundance have the
potential to influence sediment responses to increases in
autochthonous OM.

Comparative studies have provided substantial support for the
role of microbial community composition in influencing
sediment CH4 and CO2 production (Torres et al., 2011; Ji
et al., 2016; Bertolet et al., 2019; Xia et al., 2020; Yang et al.,
2020). For example, in north temperate lakes, community
composition of the non-methanogen community was
significantly related to lake CH4 production after accounting
for variation in primary productivity across 14 lake sediments

(Bertolet et al., 2019). Additionally, Torres et al. (2011) showed
that heterotrophic activity was related to microbial biomass in
three lake sediments that differed in trophic status. However, few
studies have experimentally tested the influence of microbial
community composition on sediment function or considered
how microbial community composition may interact with
changing OM conditions to influence sediment function.

Here, we test the hypothesis that microbial community
composition influences the response of lake CH4 production
to autochthonous OM. To do so, we designed sediment slurry
incubation experiments with variable microbial community
composition and OM supply. To capture variation in
microbial community composition, we conducted incubations
across 22 lake sediments, chosen along a pH gradient (range:
3.9–7.4) at the sediment-water interface, which has been
previously shown as an environmental determinant of
microbial community composition (Bertolet et al., 2019). We
predicted that metrics of both microbial community composition
and abundance would be correlated with the magnitude of the
response of CH4 production to OM additions. Our experimental
design allows for a mechanistic understanding of the role of
microbial communities in sediment carbon processing and thus
could help to predict future CH4 production using quantitative
metrics of sediment microbial communities.

2 METHODS AND MATERIALS

2.1 Experimental Design
Lakes were located in northern Wisconsin, United States. We
sampled 13 lakes between June and August 2019 and an
additional 9 lakes between July and August 2020 (Table 1).
During each sampling season, the sampled lakes represented
the full range of the pH gradient. To construct sediment slurry
incubations, we sampled sediment and hypolimnetic water from
the deepest point of every lake. Sediment was collected from the
top 15 cm of the sediment surface with an Eckman dredge and
hypolimnetic water was collected from 0.25 m above the sediment
surface with a Van Dorn water sampler. There was some degree of
atmospheric oxygen exposure during sampling for both
hypolimnion water samples and sediment samples, however
we attempted to mitigate the length of exposure. Hypolimnion
water samples were sealed immediately after collection the field.
Sediment samples were collected in 5-gallon open-air buckets.
Upon return to the laboratory, sediment was sampled from the
bottom of the bucket for construction of sediment incubations
and construction occurred within 5 h of collection. Prior to
construction, all samples were stored in the dark at 4°C.

We constructed experimental sediment incubations in 300 ml
glass serum bottles containing 50 ml of sediment and 50 ml of
anoxic hypolimnion water. To quantify the difference in CH4

production under increased OM supply, we conducted triplicate
incubations with and without additions of OM. For incubations
treated with the addition, we added 20 mg of dried algal biomass
(Scenedesmus obliquus). S. obliquus was grown in Bold’s Basal
Medium under constant aeration with atmospheric carbon
dioxide concentrations. To generate a homogeneous dried
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material for additions, we centrifuged the wet material in 40 ml
batches at 4,000 rpm for 10 minutes, extracted the pellet, and
dried the pellet for 7 days. All dried material was added to a
single vial and homogenized before addition to incubations.
After additions, we capped and sealed the serum bottles with
rubber septa and aluminum crimp seals and homogenized the
sediment slurries by manual shaking for 1 min. We then
purged the headspace of each incubation with N2 gas for
5 min to maintain anoxic conditions. We incubated the
bottles in the dark at 4°C to simulate conditions at the
bottom of a lake and we incubated the bottles for
approximately 28 days.

2.2 Net Methane Production
During the length of the incubation period, we estimated net CH4

production rates from each incubation by iteratively sampling
from the headspace for CH4 concentration. The first sampling
occurred 24 h after purging the headspace and sealing the
incubations. We then sampled every 3–5 days, as well as at
end of incubation (approximately 28 days), for a minimum of
4 sampling points for each incubation (Supplementary Figure
S1). To sample for CH4 concentration, we extracted 10 ml of
headspace gas using a 25-gauge needle pierced through the rubber
septa. Samples were immediately injected into airtight glass vials
for measurement of CH4 concentration on an Agilent 6890 Gas
Chromatograph with parameters previously described in West
et al. (2016). We then added 10 ml of N2 back to the headspace to
maintain pressure. We inferred net rates of CH4 production, after
accounting for the headspace dilution, from the slope of a linear
regression fit to the time-series (Supplementary Figure S1). For
incubations in which CH4 did not accumulate over time (N = 4),
we assumed a net CH4 production of zero.

2.3 Microbial Community Composition and
Abundance
During the initial collection of lake sediments for construction of
incubations, we sampled approximately 1 g of sediment for analysis
of microbial community composition and abundance. Sediments
were stored in sterile plastic 1.5 ml cryovial tubes at −80°C until
DNA extraction. We conducted a single DNA extraction for each
lake using 0.25 g of sediment and the DNeasy PowerSoil Pro kit
(Qiagen, Hilden, DE) according to manufacturer instructions. The
extracted DNA was used as template for 16S rRNA paired-end gene
sequencing to determine differences in community composition.
Extracted DNA was also used as template in digital droplet
polymerase chain reactions (ddPCR) of the 16S rRNA gene and
the alpha subunit of methyl coenzyme reductase (mcrA) gene to
determine total bacterial + archaeal abundance and methanogen
abundance, respectively.

For 16S rRNA paired-end gene sequencing, the V4 region of
the 16S rRNA gene was amplified in a 15 μl PCR reaction with
dual indexed primers: 515F (5′-
GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT- 3′) (Kozich et al., 2013).
Amplified DNA served as template for high-throughput
paired-end (2 × 250 bp) sequencing on an Illumina MiSeq v2
Standard flow cell at the Michigan State University Research
Technology Support Facility. Sequencing resulted in
1,279,135 high-quality reads across all lake samples. Raw
sequence reads are available at the NCBI Sequence Read
Archive (Accession # PRJNA813558). To determine differences
in microbial community composition, we used the mothur
(version 1.44.3) bioinformatics pipeline for merging of paired-
end reads, quality filtering, clustering, and taxonomic
classification (Kozich et al., 2013). To determine community

TABLE 1 | Summary of environmental variables of sampled lakes, including pH and dissolved oxygen (DO) concentration at the sediment-water interface, sediment organic
matter content (OM %), and epilimnion chlorophyll a concentration (chl a).

Lake name (ID) Latitude Longitude Year pH DO (mg L−1) OM (%) chl a (μg L−1)

Birch (BH) 46.21790 −89.83819 2020 7.1 0.07 21.0 10.6
Bolger (BO) 46.23012 −89.49446 2019 6.6 0.18 26.7 12.1
Brandy (BY) 45.90675 −89.70108 2019 6.9 0.16 24.1 30.8
Brown (BR) 46.21793 −89.47365 2019 7.3 0.09 28.5 10.4
Crampton (CR) 46.20989 −89.47357 2019 6.0 0.71 26.5 6.2
Cranberry (CB) 46.23244 −89.56998 2019 3.9 0.29 36.7 3.3
Crystal Bog (CYB) 46.00800 −89.60570 2020 4.3 0.5 38.1 21.7
Horsehead (HH) 46.23325 −89.71534 2020 7.3 0.08 20.0 9.3
Hummingbird (HB) 46.24367 −89.50590 2019 4.9 0.38 35.9 6.6
Johnson (JS) 45.89971 −89.72118 2019 6.7 0.11 24.4 11.0
Misty (MI) 46.25265 −89.48140 2020 5.5 0.13 40.3 10.1
Morris (MO) 46.25709 −89.52120 2019 7.0 0.23 26.0 13.4
Nichols (NH) 46.10372 −89.68792 2020 5.6 0.09 35.2 9.9
North Gate (NG) 46.25873 −89.49735 2019 3.5 0.16 36.7 18.3
Paul (PA) 46.25261 −89.50357 2019 5.8 0.24 33.3 3.2
Peter (PE) 46.25288 −89.50359 2019 6.3 0.41 36.4 4.6
Street (SE) 46.09621 −89.70341 2020 5.2 1.09 31.2 7.5
Trout Bog (TB) 46.04127 −89.68613 2020 4.2 0.16 38.6 15.0
Tenderfoot (TF) 46.21787 −89.52921 2019 6.8 0.13 26.3 10.5
Tender Bog (TR) 46.22994 −89.52722 2020 3.9 0.17 43.3 8.7
Ward (WA) 46.25829 −89.51732 2019 7.4 0.17 25.1 3.4
West Long (WL) 46.23591 −89.50156 2020 5.8 0.15 36.1 9.9
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membership, operational taxonomic units (OTUs) were defined
at 97% similarity using the dist.seqs command and a 0.03 cutoff.
Representative sequences for each OTU were aligned and
classified against the RDP classifier database (version 18)
(Wang et al., 2007).

To quantify abundance of the 16S rRNA gene and mcrA gene,
we conducted ddPCR using the BioRad QX200 Droplet Digital
PCR system. The indicator genes were amplified in separate 20 μl
ddPCR reactions using a BioRad C1000 Touch thermocycler with
EvaGreen as the reporting dye. For amplification of the 16S rRNA
gene, each reaction contained 2 μl of 1/100 diluted sediment DNA
template, 1X Q200 ddPCR EvaGreen Supermix, and 0.1 μM of
each primer targeting 16S rRNA: 338F (5′-ACTCCTACGGGA
GGCAG-3′) and 805R (5′-GACTACCAGGGTATCTAATC- 3′)
(Yu et al., 2005). For amplification of the mcrA gene, each
reaction contained 1 μL of 1/10 diluted sediment DNA
template, 1X Q200 ddPCR EvaGreen Supermix, and 0.25 μM
of each primer targeting mcrA: mcrAqF (5′-
AYGGTATGGARCAGTACGA- 3′) and mcrAqR (5′-
TGVAGRTCGTABCCGWAGAA-3′) (West et al., 2012).
Thermocycling conditions for both indicator genes are
reported in Supplementary Table S1. Additionally, for both
assays, we performed three technical replicates on a subset of
the samples to verify precision. Technical replicates indicated
high precision of the assays (Supplementary Figure S2), and we
normalized copy numbers to copies per gram of sediment to be
comparable across samples.

2.4 Lake Environmental Variables
During sampling for construction of incubations, we measured
dissolved oxygen concentration and pH at the sediment-water
interface using a YSI Professional Plus Multiparameter meter
(Yellow Springs Instruments, Yellow Springs, OH, United States).
We also collected additional sediment to quantify sediment OM
content and epilimnion water for quantification of water column
chlorophyll a (chl a) concentrations, as metrics of differences in
OM availability and lake trophic status. We quantified percent
OM of sediment using loss on ignition measurements of dried
sediment samples (Heiri et al., 2001). To quantify water column
chl a, we used particles from 450 ml of the epilimnion sample
captured on a 0.7 μm glass fiber filter and we analyzed the sample
using methanol extraction and fluorometry (Welschmeyer,
1994).

2.5 Statistical Analyses
We conducted all statistical analyses in R (R Core Team, 2018)
using the base and vegan (Oksanen et al., 2017) packages. To
quantify variation in sediment microbial community
composition across the 22 lakes, we first rarified every sample
to 39,948 sequence reads to be comparable across sample
sequencing depths. We then identified methanogen OTUs by
the presence of “Methano” in taxonomic assignments, as a
conservative means of identifying methanogens, and manually
curated our list of putative methanogen genera for known
methanogen taxa. Some methanogenic microbes were likely
not identified based on this method (Kharitonov et al., 2021),
but our approach did allow for estimation of relative sequence

recovery of known methanogenic groups. We then conducted the
following analyses for both the methanogen and non-
methanogen community.

To quantify variation in microbial community composition
across the 22 lakes, we standardized OTU matrices of both
communities to reflect relative sequence recovery and
generated pairwise Bray-Curtis dissimilarity matrices of each
community using the vegdist function. We then generated
principal coordinates for each community based on the Bray-
Curtis dissimilarity matrices using the cmdscale function. The
first principal coordinate axes (PCoA 1) represent 40.6 % and
29.2% of the variation in the methanogen and non-methanogen
community, respectively. We also tested for effects of
environmental conditions on community composition using
permutational multivariate ANOVA (PERMANOVA) tests
using the adonis function in R (Anderson, 2001). We
evaluated significance of the PERMANOVA statistic using
1000 permutations of the dissimilarity matrices for each
community. To quantify differences in microbial community
diversity and richness, we also calculated the Shannon
Diversity Index and community richness, or the sum of OTUs
present in each sample. Thus, we used the Shannon Index,
community richness, and the PCoA 1 scores for both
communities as metrics of community composition in
subsequent analyses.

To quantify the response of sediment CH4 production to the
OM additions across the 22 lakes, we calculated the difference in
mean net CH4 production between incubations with and without
OM additions (ΔCH4 production) for every lake. We also
quantified the maximum percent utilization of OM additions
by calculating the total CH4 produced through the length of the
experiment divided by the amount of OM supplied. For the dried
autochthonous OM supplied, we assumed a carbon content of
61.5% based on measurements from West et al. (2015). Finally,
we determined significant correlations between the log-
transformed ΔCH4 production and metrics of microbial
community composition and abundance using simple linear
regressions. We used the log-transformation to abide by
assumptions of normally distributed data. We also determined
the correlation between log-transformed ΔCH4 production and
metrics of preexisting OM supply (sediment OM %, and water
column chl a concentration). Data, metadata, and code for all
analyses are available on GitHub at https://github.com/
brittnibertolet/CH4response2OM.

3 RESULTS

3.1 Microbial Community Composition and
Abundance
Sampling along a gradient of pH resulted in sediment incubations
with variable microbial communities. After rarifying, sequencing
recovered 367 methanogen OTUs and 26,494 non-methanogen
OTUs. Methanogen reads represented 1.5% of the total sequence
reads and the relative sequencing reads of methanogens ranged
from 0.7 % to 2.8% across all lakes. As hypothesized from
previous work (Bertolet et al., 2019), the composition of both
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the methanogen and non-methanogen community was
significantly related to pH and sediment OM (Figure 1). As
such, PCoA Axis 1 of both communities was significantly
correlated with pH (methanogen: R2 = 0.73, p < 0.001, non-
methanogen: R2 = 0.69, p < 0.001) and OM (methanogen: R2 =
0.71, p < 0.001, non-methanogen R2 = 0.76, p < 0.001).
Additionally, the relative abundances of different methanogen
genera (Supplementary Figure S2) and non-methanogen phyla
(Supplementary Figure S3) varied across lakes.

Microbial richness and diversity varied significantly across the
lake samples as well as between the methanogen and non-
methanogen communities. Methanogen richness ranged from
13 to 60 OTUs, while non-methanogen richness ranged from
1,404 to 6,059 OTUs. Methanogen Shannon Index ranged from
1.7 to 2.8, while non-methanogen ranged from 4.9 to 7.3.
Additionally, neither methanogen richness nor diversity were
significantly correlated with environmental variables (pH,
sediment OM %, or chl a concentration). In contrast, non-
methanogen richness and Shannon Index were both
significantly correlated with both pH and sediment OM %
(Supplementary Table S2).

Digital droplet PCR of the 16S rRNA and mcrA genes also
indicated variation in the total bacterial + archaeal abundance
and methanogen abundance across lakes (Supplementary Figure
S4). Total bacterial + archaeal abundance ranged from 3.07 × 105

to 1.22 × 108 copies per gram wet sediment. However, total
bacterial + archaeal abundance was not related to sediment pH
nor sediment OM %. Instead, total bacterial + archaeal
abundance was significantly correlated with water column chl
a concentration (R2 = 0.24, p < 0.05; Supplementary Figure S5).
Similarly, methanogen abundance ranged from 3.31 × 105 to 1.79
× 107 copies per gram wet sediment and was significantly
correlated with 16S rRNA copy number (R2 = 0.26, p < 0.05)
and water column chl a concentration (R2 = 0.19, p < 0.05;
Supplementary Figure S4). However, the relative sequence reads
of methanogens, derived from the 16S rRNA Illumina
sequencing, was not related to ddPCR estimates of microbial
abundance nor chl a concentration. Additionally, neither

differences in community composition nor abundance were
related to sample year (Supplementary Table S4).

3.2 Methane Production Responses to
Organic Matter Additions
Rates of CH4 production were variable across lakes and were
significantly influenced by autochthonous OM additions. OM
additions increased the net CH4 production rate across all lakes
(Kruskal-Wallis test: χ2 = 73.2, p < 0.001; Figure 2). However, the
magnitude of the response (ΔCH4 production) varied and ranged
from 1.1 to 27.3 μmol CH4 L sediment slurry−1 day−1.
Additionally, maximum potential utilization of OM ranged
from 0.28 % to 7.1% of algal carbon added to a slurry.

Variation in the ΔCH4 production was related to differences in
both metrics of sediment microbial community composition and
pH across the sampled lake sediments (Figure 3). Specifically, the
Shannon Diversity Index and richness of the non-methanogen
explained the most amount of variation in ΔCH4 production, and
pH and metrics of methanogen community composition were
also significantly correlated with the log-transformed ΔCH4

production (Table 2). However, neither abundance metrics
nor environmental variables related to OM supply (sediment
OM % or water column chl a) explained variation in ΔCH4

production, despite significant influences of sediment OM % on
both methanogen and non-methanogen community composition
(Figure 1). Additionally, the sample year did not influence
patterns ΔCH4 production (Supplementary Table S2).

4 DISCUSSION

Lake CH4 production and emission are consistently positively
related to lake primary productivity and trophic status, but, in
both laboratory and field scenarios, there exists large variation in
the magnitude of the temporal response of CH4 dynamics to
increases in OM (West et al., 2015; Yakimovich et al., 2018;
Bertolet et al., 2020; Yang et al., 2020). Understanding sources of

FIGURE 1 | First two principal coordinates of the methanogen community composition (A) and the non-methanogen community composition (B). Permutational
analysis of variance indicated that methanogen community composition was significantly related to pH (F22,1 = 9.24, p = 0.001) and sediment organic matter content
(F22,1 = 8.58, p = 0.001). Similarly, non-methanogen community composition was also significantly related to (F22,1 = 5.77, p = 0.001) and sediment organic matter
content (F22,1 = 6.01, p = 0.001).
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this variation is essential for making quantitative predictions
under future environmental change scenarios (DelSontro et al.,
2018). In the present study, we show that variation in the
response of lake CH4 production to increases in OM is
correlated with pH-mediated differences in sediment microbial
community composition (Figure 3). Specifically, metrics of the
non-methanogen community composition were the best
predictors of CH4 production responses to increasing OM,
especially as compared to the methanogen community or
other variables hypothesized to influence CH4 responses to

OM, such as preexisting OM availability and metrics of
microbial abundance (Table 2). By comparing multiple
metrics of community composition, as well as specifically
investigating both the methanogen and non-methanogen
community, we provide critical evidence of how lake sediment
responses to environmental change may be improved by
incorporating variation in microbial community composition.

A growing body of literature describes the links between lake
sediment microbial community composition and lake pH and OM
content (Kotsyurbenko et al., 2004; Bertolet et al., 2019; Orland

FIGURE 2 | Net methane (CH4) production rates of sediment slurry incubations across organic matter (OM) additions (grey: control; green: OM addition). OM
additions significantly increased the net CH4 production rate across all lakes ((A); KruskalWallis test: χ2 = 73.2, p < 0.001). However, the magnitude of increase was
variable across lakes (B). Error bars indicate one standard error.

FIGURE 3 | Correlations between the log-transformed difference in net methane production amongst organic matter additions (ΔCH4 production) and metrics of
microbial community composition. Statistics are reported in Table 2.
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et al., 2020). We reproduce established patterns in lake sediment
microbial community assembly, in which the methanogen and
non-methanogen communities are differentiated across pH and
sediment OM% (Figure 1). Further, as previous research has
established that lakes have variable CH4 production responses
to changes in OM (West et al., 2015; Grasset et al., 2018), we
used this gradient of pH to test the hypothesis that sediment
microbial community composition influences the effect size of the
CH4 production and OM relationship.

In our study, there was substantial variation in the CH4

production response to OM additions (Figure 2). The difference
in net CH4 production between incubations with and without
additions of OM (ΔCH4 production) ranged from 1.1 to
27.3 μmol CH4 L sediment slurry−1 day−1. As we hypothesized,
variation in ΔCH4 production was significantly correlated with pH-
mediated differences in microbial community diversity, richness,
and composition (Table 2). Specifically, lakes with microbial
communities associated with higher pH environments had
greater CH4 production responses to additions in OM
(Figure 3). While it is difficult to disentangle the effects of pH
and microbial community composition on ΔCH4 production,
previous research does suggest that pH structures the differences
in microbial community composition across lakes (Xiong et al.,
2012; Bertolet et al., 2019; Orland et al., 2020) and that the
mechanistic relationship between pH and CH4 production relies
on pH effects on competitive interactions betweenmethanogens and
other fermenting bacteria (Phelps and Zeikus, 1984; Ye et al., 2012).
Additionally, in a replicated common garden experiment with
contrasting pH environments, microbial community composition
influenced rates of CH4 and CO2 production independent of the pH
environment (Bertolet et al., in press).

Our results suggest that relationships between microbial
community composition and pH may be used to predict the
response of sediment CH4 production to changes in OM.
Specifically, information about variation in the non-
methanogen community was most predictive of function,
and so we suggest that syntrophic interactions, or the
supply of substrate by one group to another, between

microbial functional groups in lake sediments are likely an
important control on rates of CH4 production. Production of
methanogenesis precursors has previously been shown to be
limiting (Kotsyurbenko et al., 2004) and methanogens are
reliant on heterotrophic and acetogenic bacteria for the
conversion of complex organic material into substrates
that can be utilized (Liu and Whitman, 2008). However,
we still lack the ability to identify the functional capacity
of various microbial groups, so quantifying these interactions
remains difficult.

Further research is needed to identify how variation in
microbial community diversity and composition relates to
functional diversity within the microbial community, and how
interactions between members may lead to differences in
emergent function. Currently, few OTUs in our dataset can be
functionally identified based on taxonomy or other means.
Metagenomic analyses have made significant strides in
functionally defining sediment microorganisms (Vavourakis
et al., 2018; Rathour et al., 2020), however few studies have
measured ecosystem function in conjunction with
metagenomic characterization or identified statistical
relationships that can be used for prediction. Additionally,
measurements of microbial metabolic traits, either in situ or in
laboratory, and at both population and community scales, would
greatly improve our ability to differentiate important microbial
function groups and incorporate their variation across space and
time into understanding of ecosystem function.

In the absence of the ability to constrain microbial functional
groups, we suggest that aggregated metrics of microbial
community composition, such as diversity metrics, richness,
and composition scores, may be used to distinguish possible
sediment responses to environmental change. Interestingly,
diversity and richness metrics explained more variation than
composition scores, indicating that evenness of composition is
potentially less informative than richness. This approach to
establishing links between microbial community diversity and
ecosystem function that uses OTU richness and diversity is
supported by other studies that suggest that taxonomically
resolved information of microbial communities is not
predictive of sediment function (Ji et al., 2016; Orland et al.,
2020), and which highlight the need tomove beyond taxonomy in
order to identify metrics of functional groups that can be used in
predictive models (Hall et al., 2018). Additionally, we also find
that estimates of microbial abundance from ddPCR were not
related to differences in ΔCH4 production (Table 2). This is
consistent with previous research indicating that changes in
sediment CH4 production due to changes in OM supply are
likely due to changes in per cell activity and not changes in
abundance (West et al., 2012).

It is worth noting that we also tested for effects of
preexisting OM conditions on ΔCH4 production, as
previous work has hypothesized that temporal response of
lake CH4 production to eutrophication may be related to
current or historical trophic state (Bertolet et al., 2020; Yang
et al., 2020). However, we found that there were no
significant correlations between the strength of the
response and metrics of preexisting OM availability

TABLE 2 | Summary statistics of linear regressions between the log-transformed
difference in net CH4 production between organic matter additions (ΔCH4

production) and environmental and microbial predictors.

Response Predictor R2 p-value

log (ΔCH4 production)

Non-methanogen Shannon Index* 0.52 <0.001
Non-methanogen richness* 0.52 <0.001
pH* 0.35 <0.01
Methanogen Shannon Index* 0.32 <0.01
Non-methanogen PCoA 1* 0.21 <0.05
Methanogen PCoA 1* 0.20 <0.05
Methanogen richness* 0.19 <0.05
OM % 0.14 0.08
chl a 0.06 0.26
average control CH4 production 0.04 0.31
16S copies 0.01 0.61
mcrA copies 0.004 0.76

Predictors are ordered by the coefficient of determination (R2) and significant
relationships are indicated with a “*”.
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(sediment OM % and water column chl a; Table 2). Further,
we observed no evidence of a priming effect, as the maximum
potential utilization of the algal supplied carbon never
exceeded even 10%. In temperate lakes, sediment carbon
pools are highly recalcitrant and primarily consisting of
allochthonous derived material (Sobek et al., 2009), which
may decouple the effect of preexisting OM availability from
current responses to incoming autochthonous OM.

By conducting experimental manipulations of 22 lake
sediments, we provide a direct line of evidence supporting
links between lake pH, sediment microbial community
composition, lake trophic status, and sediment CH4

production. Specifically, we see that microbial community
composition and pH are correlated and positively predict the
response of lake CH4 production to increases in OM. Previous
research has begun to highlight the importance of incorporating
variation in sediment microbial communities into ecosystem
conceptual and predictive models (Graham et al., 2016; Hall
et al., 2018), and, as the global eutrophication of inland freshwater
ecosystems is likely to increase CH4 production (DelSontro et al.,
2018; Beaulieu et al., 2019), understanding sources of variation in
the magnitude of change is thus critical for predicting future lake
carbon cycling. We encourage further research that identifies
important microbial functional groups and that utilizes
relationships between the environment, microbial community
composition, and ecosystem function to understand and predict
variation in lake CH4 production and emission.
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