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Abstract
Shallow lake sediments harbor methanogen communities that are responsible for large amounts of CH4 ﬂux to the
atmosphere. These communities play a major role in degrading in-ﬂuxed terrestrial organic matter (t-OM)—much of which
settles in shallow near-shore sediments. Little work has examined how sediment methanogens are affected by the quantity
and quality of t-OM, and the physicochemical factors that shape their community. Here, we ﬁlled mesocosms with artiﬁcial
lake sediments amended with different ratios and concentrations of coniferous and deciduous tree litter. We installed them in
three boreal lakes near Sudbury, Canada that varied in trophic status and water clarity. We found that higher endogenous
nutrient concentrations led to greater CH4 production when sediment solar irradiance was similar, but high irradiance of
sediments also led to higher CH4 concentrations regardless of nutrient concentrations, possibly due to photooxidation of tOM. Sediments with t-OM had overall higher CH4 concentrations than controls that had no t-OM, but there were no
signiﬁcant differences in CH4 concentrations with different t-OM compositions or increasing concentrations over 25%.
Differences among lakes also explained variation in methanogen community structure, whereas t-OM treatments did not.
Therefore, lake characteristics are important modulators of methanogen communities fueled by t-OM.

Introduction
Methanogenic archaea in freshwater sediments produce
CH4 as one of the main terminal anaerobic steps of organic
matter (OM) decomposition. Consequently, freshwaters are
estimated to contribute 103 Tg of CH4 to the atmosphere
annually [1], where it has a greenhouse gas effect 34-times
more potent than CO2 over a 100 year period [2]. Over the
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last decade, the estimates of global lake contribution to
atmospheric C have increased due to new data on lake sizes,
distributions and outgassing measurements [3]. Both natural
and anthropogenic wave action, ebullition, and plantmediated diffusion can reduce residence times of CH4 in
the sediments and water column, or create a shortcut
bypassing aerobic planktonic CH4 oxidizing bacteria [4, 5].
All of these processes enhancing CH4 evasion to the
atmosphere are common to shallow areas of freshwater
systems. Even ebullition, which occurs homogenously
across profundal lake basins [6], was found by West et al.
[7] to occur at signiﬁcantly higher rates in waters <6 m in
depth.
A large source of OM for methanogens in shallow
sediments comes from terrestrial plants and soils, with an
estimated 5.1 Pg of C per year entering aquatic systems
from land [3]. On a local level, terrestrial catchments can
contribute greatly to the OM content of littoral zones of
lakes, either through direct litterfall inputs or as partially
decomposed OM leaching from soils and/or transported in
streams [3, 8]. Once in a lake, terrestrial organic matter (tOM) is further processed by bacteria and fungi, being
incorporated into microbial biomass and metabolites that
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can then be transferred to higher trophic levels, mineralized
or buried in sediments [9–11]. In surface layers of sediments (where most methanogenesis occurs [12]), methanogens utilize H2 and/or small C-molecules resulting from
the OM decomposition in redox reactions leading to the
production of CH4 [9]. Land use changes and climate driven
shifts in vegetation are altering the amounts and composition of plant litter that ﬂows into lake ecosystems [13, 14].
While we do not fully understand the effects that t-OM
inputs have on sediment communities, we do know that
different plant species affect the fermentative bacterial
decomposer community and methanogenesis rates in different ways [15]. Recently, we found that lake sediments
amended with OM dominated by tree foliage resulted in
400-times less CH4 being produced than when amended
with cattails in a lab setting [16]. There were even differences between tree leaf litter types, with higher methanogenesis found in coniferous litter amended sediments versus
deciduous—likely due to the increase of inhibitory polyphenolics that leached from the latter. The different OM
sources also supported different bacterial and fungal communities in the lab [15]. Most strikingly, the methanogen
community was inhibited in sediments dominated with tree
leaf litter (whether coniferous or deciduous)—despite having similar taxonomic composition to sediments with OM
dominated by an emergent macrophyte [15]. Therefore,
these results suggested that the composition of OM reaching
lake sediments can have a large effect on methanogen
communities and their rates of methanogenesis.
Lab conditions can limit generality by ignoring potentially important physicochemical factors present in situ. For
example, ﬂask incubations in strictly dark conditions would
ignore any effects that photoexposure can have by oxidizing
high molecular weight C (HMW-C; humiﬁed plant OM)
[17, 18], which often contains known inhibitors of methanogenesis [19, 20]. Water clarity is thus a potentially
important factor inﬂuencing t-OM decomposition, and its
subsequent complexity (e.g. aromaticity and size fractions).
Bacterial decomposers are also affected by HMW-C and are
important to consider as they are syntrophic partners of
methanogens, supplying them with requisite metabolites.
Clearer overlying water has been shown to result in higher
CO2 production in sediments due to the utilization of more
labile photo-degraded HMW-C by bacteria [21]. However,
bacteria in lakes with darker waters invest more in the
production of energetically costly enzymes that can degrade
aromatic compounds, resulting in lower rates of t-OM
mineralization [21].
Here, we hypothesize that clearer overlying lake water
will result in higher sediment methanogenesis due to
greater amounts of photooxidation, given the same t-OM
input. Further, the clearer lake water may increase heat
transfer into the sediments, stimulating microbial activity.

The higher concentrations of CH4 will result from both a
greater supply of low molecular weight metabolites and
removal of inhibitory HMW-C due to photooxidation. We
further predicted that deciduous litter will result in more
humiﬁed dissolved OM (DOM) in the sediments, and
subsequently less methanogenesis than in sediments containing more coniferous litter. However, as lakes can also
vary in their endogenous nutrient loads, we tested how
these predictions varied across lakes with different trophic
statuses. To test these predictions in situ, we constructed
sediments spanning an OM concentration gradient from
deciduous and coniferous litter mixes. These sediments
were installed into mesocosms in three different boreal
lakes that varied in trophic status—including water clarity
—allowing us to assess how the methanogen community
and methanogenesis developed with different terrestrial
litter inputs under different photoexposure. Further, we also
examined the methanogen community composition and
phylogenetic diversity to assess if the different experimental and in situ conditions had a ﬁltering effect on
community assembly, which could explain variation in
methane concentrations.

Methods
Study lakes
We studied three lakes in the same region that varied in
their trophic states as deﬁned by Williamson et al. [22],
using mean (±SE) total phosphorous (TP) and colored
dissolved organic matter (CDOM; absorption at 320 nm)
from mid-lake surface grabs taken during our sampling.
Swan lake (46°21′59′′ N, 81°3′49′′ W; area: 0.06 km2) was
oligotrophic with TP concentrations of 9.3 ± 0.4 µg L−1 and
CDOM of 1.5 m−1. Lake Laurentian (46°27′30′′N, 80°56′0′
W; area: 1.57 km2) was mixotrophic with TP levels of 35.3
± 2.5 µg L−1 and CDOM of 26 m−1. Ramsey Lake (46°28′
42.1′′ N 80°56′30.4′′ W; area: 7.96 km2) was mesotrophic
with TP levels of 8.2 ± 0.5 µg L−1 and a CDOM value of
9.2 m−1. Both Swan and Laurentian were surrounded by
low-density mixed deciduous and coniferous forests, with
catchments that contain granite outcroppings (10–20%) and
sedge- and shrub-dominated marshes and peatlands (5–10%
and 20% for Swan and Laurentian, respectively). Lake
Ramsey was similarly surrounded by coniferous and
deciduous forest, but with 21–25% of its shorelines
developed with urban parks and permanent residences
(https://www.greatersudbury.ca/play/beaches-and-lakes/la
kes/local-lake-descriptions/ramsey-lake/). Lakes are hereafter referred to by their trophic status, except Lake Laurentian will be referred to as dystrophic, to avoid confusion
with the common use of mixotrophic as a feeding strategy.
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Fig. 1 A schematic of the experimental treatments for this study.
Each lake had a total of nine experimental treatments, and one control
treatment that were triplicated. In total each lake had 30 mesocosms
that were installed for this study.

Experimental design—mesocosm construction
Mesocosms containing artiﬁcially constructed sediments
were installed by submerging them during July 2015 into
the littoral zones of all three lakes (0.3–0.75 m water depth),
as described by Tanentzap et al. [23]. Here we brieﬂy
describe the experimental design and depict it in Fig. 1. The
sediments used in this study were constructed as a mix of
inorganic material and an OM concentration gradient across
three different ratios of coniferous to deciduous leaf litter:
1:1, 1:2, and 2:1 at 0, 5, 25 and 50% OM concentration on a
dry weight basis. The inorganic and organic matter were
both sourced locally, and were mixed at a particle size that
simulated vertical structuring in local lake sediments [23].
The deciduous leaf litter consisted primarily of Acer
rubrum, Betula papyrifera, Populus tremuloides, and
Quercus spp., and the coniferous of Pinus spp. The sediments were placed in 17.5 L HDPE bins that were 50.8 ×
38.1 × 12.7 cm to a total height of 8 cm of sediment, and
each treatment was installed in triplicate in each lake. In
total, there were 27 mesocosms with t-OM treatments and 3
control mesocosms with inorganic material only per lake.
Each mesocosm was ﬁtted with a pore-water sampler made
from a 3 mL polypropylene syringe that had a slit cut into
the bottom, was wrapped in 1 × 1 mm mesh to ﬁlter large
particles out of water during sampling, and inserted horizontally 1 cm below the sediment surface on one side of the
mesocosm. A nylon tube was ﬁtted to the tip of the syringe
extending up to a ﬂoat on the surface of the water to allow
for continuous undisturbed sampling of pore water from
ﬂoating platforms (see Tanentzap et al. [23]). The mesocosm installations in each lake were equipped with 12
HOBO temperature and light meters and data loggers set to
take hourly readings (Onset Computer Corporation, Bourne,

MA, USA). The bins were covered in 1 × 1 mm nylon mesh
to keep OM contained within the mesocosm as it saturated,
and started to decompose, and increased in density. The
mesh also protected the OM from being washed out of the
mesocosms during storms and other times of intense wave
action, but still allowed light to reach the sediment surface.
As demonstrated in Tanentzap et al. [23], this experimental
design allowed for comparable conditions to adjacent
naturally occurring lake sediments, allowing for realistic
inference of how sediment methanogens would respond to
our treatments.

Pore water measurements
Pore water from each mesocosm was sampled monthly after
installation from August through October 2015. Samples
were taken roughly 30 days apart weather permitting for
each lake, with lakes being sampled in consecutive days in
the same order every month—Ramsey, Swan then Laurentian. Pore water was used to assess sediment conditions
during decomposition, by recording temperature, pH, dissolved CO2 and CH4, DOC, and optical properties of the
dissolved organic matter (DOM). During ﬁeld sampling, pH
and temperature were measured immediately with a handheld thermometer and pH meter (HI 9126, Hanna Instruments, Woonsocket, RI, USA). Pore water samples were
then ﬁltered through 0.5 μm pore size silica ﬁlters into 25
mL glass vials and acidiﬁed with 125 μL of 4 M HCl for
later analysis of DOC and DOM. DOM optical properties
were assessed via ﬂuorescence EEMs (excitation-emissions
matrices) measured on an Agilent Cary Eclipse ﬂuorescence
spectrophotometer in ratio (S/R) mode with a 1-cm pathlength cuvette. EEMs were created by excitation and
emission intensities (EX: 250–450 nm in 5 nm steps, EM:
300–600 nm in 2 nm steps) corrected for inner-ﬁlter effects
using absorbance measured with an Agilent Cary 60 UVVIS (Agilent Technologies Santa Clara, California, USA).
DOC was measured using a Shimadzu TOC-5000A in nonpurgeable organic carbon mode (Shimadzu Corp, Kyoto
Japan). The mHIX humiﬁcation index was calculated using
the resulting pore water data (mHIX; modiﬁed by Ohno
[24],), with higher values (closer to 1) indicating greater
amounts of humiﬁed DOM present.
For analysis of CH4 and CO2 a 60 mL syringe was ﬁlled
to 43 mL with pore water and acidiﬁed with 2 mL of 0.5 M
HCl in the ﬁeld. 15 mL of atmospheric air was pulled in, the
syringe was shaken for 2 min, and then left to sit for 30 s to
equilibrate. 10 mL of the headspace was drawn into a
separate syringe and analyzed on a SRI 8610C-0040
greenhouse gas model gas chromatograph (SRI Instruments, Torrance, CA, USA) ﬁtted with a 0.5 mL sample
loop and a column temperature of 105 °C. Gases were
detected with a ﬂame ionization detector for CH4 and an
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inline methanizer to detect CO2 after reduction to CH4. CH4
measurements were performed within 24 h of ﬁeld sampling
and ﬁnal pore water concentrations were calculated using
the methods of Aberg and Wallin [25] by subtracting
ambient air additions, applying the Bunsen solubility
coefﬁcient and ideal gas law while accounting for pH and
water temperature. The CH4 values were analyzed as point
measurements taken on each sampling date, and are a net
balance of methanogenesis and any methanotrophy that
occurred within the mesocosms.

Methanogen community sampling
To analyze methanogen communities, we collected surface
sediments (~ top 5 cm) with a scoop (sterilized using 70%
ethanol) through an 8 cm slit in the mesh covering the
mesocosms monthly from August to October 2015. The
scoop was ﬁlled such that excess lake water was excluded
as sediments were deposited into individual sterile WhirlPak® sample bags. Samples were frozen at −20 °C within a
few hours after collection until being freeze-dried at −40 °C
for storage to keep the microbial community static from the
time of sampling [26]. DNA was extracted from the lyophilized sediments in duplicate for each sample then pooled
using the MoBio PowerSoil kit (MoBio, Carlsbad, CA,
USA). Samples were then ampliﬁed using 2 µL of the forward and reverse primers: mlasF (5′-GGT GGT GTM GGD
TTC ACM CAR TA-3′) and mcrA-rev (5′-CGT TCA TBG
CGT AGT TVG GRT AGT-3′) to target the methanogenesis gene methyl coenzyme-M reductase (mcrA) [27].
Ampliﬁcation was performed using 10 µL of Qiagen Multiplex PCR Master Mix (Qiagen, Valencia, CA, USA), 4 µL
of sterile double-distilled water and 2 µL (10 ng/µL) of
DNA extract in a total volume of 20 µL, with the following
cycling conditions: initial denaturation of 15 min at 95 °C,
35 cycles at 94 °C for 30 s, 55 °C for 45 s, 72 °C for 30 s,
and ﬁnal elongation of 10 min at 72 °C. Sequencing
libraries were prepared using a dual indexing strategy with
unique 6-bases indexes synthesized using the Trugrade
process (IDT, Leuven, Belgium) added to the primers to
allow multiplexing of pooled libraries. These index primers
were added through a second ampliﬁcation step, using
reactions containing 2 µL of both the forward and reverse
indexing primers (i5and i7 respectively, 1 µM each) and 10
µL of Qiagen Multiplex PCR Master Mix (Qiagen), and 8
µL of template DNA, totaling a 22 µL reaction volume. The
following reaction conditions were used: initial denaturation
of 15 min at 95 °C, 10 cycles at 98 °C for 10 s, 65 °C for 30
s, 72 °C for 30 s, and ﬁnal elongation of 5 min at 72 °C.
Resulting amplicons were quantiﬁed on a FLUOstar
OPTIMA plate reader at 545 nm (BMG Labtech, Aylesbury, UK) and pooled in groups of eight in equimolar
quantities (150 ng). Final libraries were puriﬁed using an

Agencourt AMPure XP beads kit (Beckman Coulter
Genomics, Indianapolis, IN, USA). Amplicons were quantiﬁed on a Quantstudio 12k Flex Real-Time PCR system
(Applied Biosystems, Warrington, UK) with 6 µL of KAPA
SYBR FAST mix and primers (KAPA Biosystems, Wilmington, MA, USA) and 2 µL water, with the following
reaction conditions: 95 °C for 5 min, 35 cycles at 95 °C for
30 s and 60°C for 45 s. Amplicon size was checked via an
Agilent 4200 TapeStation (Agilent Technologies) and
pooled into a single sample in equimolar concentrations.
The ﬁnal library concentration was determined with a
Quant-it PicoGreen dsDNA Assay kit (Invitrogen, Eugene,
OR, USA). Paired-end amplicon sequencing was then carried out on an Illumina MiSeq platform (500 cycles, 2 ×
250 bp, paired-end) using the V2 reagent kit (Illumina, San
Diego, USA). All raw fastq ﬁles were uploaded to the
European Nucleotide Archive under project accession
PRJEB34337.
Reads were analyzed using PandaSeq [28]. Forward and
reverse reads were merged, quality ﬁltered by discarding
singletons and chimeras in USEARCH v8.1.1861 [29], and
taxonomy was assigned in QIIME I using the Ribosomal
Database Project (RDP) classiﬁer with default settings (a
naïve Baysian classiﬁer; Wang et al. [30]), and the mcrA
database created by Yang et al. [31].

Phylogenetic analysis
To complement the taxonomy assignments from the RDP
classiﬁer and assess phylogenetic diversity, sequences from
this study and our previous work with lab-incubated plant
litter amended lake sediments were used to construct a
phylogenetic tree (Yakimovich et al. [15]). Our mcrA
sequences along with representative methanogen sequences
from GenBank [32], were aligned using MAFFT [33].
Alignments were manually edited using MEGA [34].
Maximum-likelihood phylogenetic trees were then constructed with 1000 bootstrap replicates using IQ-TREE
[35].

Statistical analysis
All analyses were performed in R v3.3.2 (R Core Team
[36]), and data was imported using the phyloseq package
[37]. The ﬁrst question we asked was the inﬂuence of our
experimental parameters on CH4 concentrations, which
were analyzed as point measurements for each sampling
month—August–October. Thus, a mixed effect models
were ﬁtted to predict CH4 concentration given lake identity,
litter ratio, litter concentration, and sampling month. Each
mesocosm was repeatedly resampled and was set as a random effect in all mixed-effect models. All explanatory
variables were treated as factors, and models were ﬁtted
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Net CH4 concentrations in the pore water were signiﬁcantly
higher in all mesocosms that received leaf litter compared
with the controls as revealed by the mixed effect model with
post-hoc pairwise comparisons (Fig. 2a; p < 0.0001 for all
comparisons). Although, mesocosms with more coniferous
litter than deciduous (1D:2C) had higher CH4 concentrations on average, there were no signiﬁcant differences
between the mesocosms with different litter ratios in any of
the lakes (p > 0.4 for all pairwise comparisons). However,
within each ratio treatment, increasing litter concentration
from 0% (controls) to 5 and 25% increased CH4 production,
but increasing litter concentration to 50% led to a signiﬁcant
drop in methanogenesis (Fig. 2b). We observed ﬂuctuations
of CH4 concentrations over time indicating that the mesocosms were likely in a steady state. CH4 was diffusing out
as would be seen in real sediments, and not simply accumulating (Fig. 2c).
The only temperature effect on CH4 concentration we
found was a uniform change with seasons across all lakes.
The small differences in temperature between lakes was
unable to explain the differences in CH4 levels in mixed
effect models, and were not signiﬁcantly different (Mixed
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b
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using the nlme package in R [38]. A post-hoc Tukey’s
pairwise comparison of treatments was performed using the
emmeans package in R to calculate the estimated marginal
means [39].
To look at the inhibitory effect of HMW-C on methanogenesis, a mixed-effect model was ﬁtted predicting CH4
concentrations given the interaction and main effects of
mHIX and lake, while also considering sampling month and
litter ratio. The differences in slope were compared using
the emmeans package and were plotted with the interactions
package [40].
To examine the effects of experimental treatments on
methanogen community structure, we used a permutational
multivariate analysis of variance (PERMANOVA) using the
R vegan package [41]. To visualize changes in the methanogen communities, a non-metric multi-dimensional scaling
analysis was estimated in vegan using a Bray-Curtis dissimilarity matrix [41]. To determine if any methanogens
were speciﬁcally associated with any lake or litter ratio (and
therefore t-OM type), indicator species analysis was performed using the indicspecies package in R via a multi-level
pattern analysis [42]. OTU richness was also assessed in
each sample using the Chao 1 index, and was calculated
using the fossil package in R [43].

Dys-

-trophic status

Fig. 2 CH4concentrations accross experimental treatments. Subplots are seperated by a litter ratio, b litter concentration, c sampling
month, and d lake, with controls included in the averages for sampling
month and lake. The litter treatments have the ratios abbreviated with
C meaning coniferous and D meaning deciduous, and the number
representing the respective ratio value. Lowercase letters above each
boxplot indicates groups of statistically similar averages from post-hoc
pairwise comparisons with the mixed effects models that included
mesocosm as a random effect.

effect model; p > 0.05). CH4 concentration in the month of
August shortly after mesocosms were installed in the lakes
was relatively low, and then increased by 4.6-times over
September across all treatment types and lakes excluding
controls (Fig. 2c). As the season changed between September and October, the average water temperature around
the mesocosms decreased (20.2 °C SE ± 0.01 to 10.1 °C SE
± 0.01) in all lakes, which corresponded with an average
0.5-times decrease in methanogenesis (Fig. 2c).

Did the lakes differ in methane concentrations?
The three lakes had different concentrations of CH4 within
the mesocosms. The dystrophic lake had the lowest CH4
concentrations on average (1.86 mg/L SE ± 0.22), with the
mesotrophic having the second lowest (2.09 mg/L SE ±
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2.2- to 7.5-times more light than the other two lakes
(Fig. 3b), which received similar levels. Differing light
levels did not affect water temperature however, and temperatures varied littles across all lakes, at least at the depth
of the mesocosm installations. (Fig. 3c). A mixed effect
model looking at the effect of the treatment factors on pH
showed the controls (all inorganic matter) had higher pH
values on average (p < 0.001 for all comparisons), but there
were no differences between the mesocosms with leaf litter
(p > 0.09 for all comparisons). The same mixed effect
model showed that on average the pH increased over time in
all mesocosms in all lakes (by 0.5 between August and
September, and 0.6 between September and October), and
the oligotrophic lake had the lowest values on average (pH
5.7), followed by the dystrophic lake (pH 6.3) and the
mesotrophic lake (pH 6.4).

August September October

Fig. 3 Differences in lake characteristics corresponded with differences in CH4 concentrations. a The plotted slopes for the effect of
mHIX on CH4 concentrations for each from a mixed-effect model,
polygons are 95% conﬁdence intervals. b Average light levels and c)
temperature from sensors placed on the top of 12 mesocosms in each
lake over each sampling month. Error bars are standard errors.

0.33), and the highest was in the oligotrophic lake (2.92 mg/
L SE ± 0.32; Fig. 2d). We then tested our hypothesis that
different levels of HMW-C could be driving these observed
differences in CH4 production, using measured DOM
humiﬁcation levels in porewater (mHIX index). While litter
concentration had little effect on mHIX in a mixed-effect
model, a litter ratio of more coniferous material had lower
mHIX values than all the other treatments in all lakes (p <
0.001 for all comparisons). On average, the humiﬁed DOM
levels were different between all lakes, with decreasing
values observed in the dystrophic, mesotrophic, and ﬁnally
the oligotrophic lake (all comparisons p < 0.0001). For this
reason, we let the hypothesized inhibitory effects of mHIX
vary between lakes in a mixed-effect model as an interaction term. Overall mHIX was negatively associated with
CH4, but the inhibitory effect of mHIX (the slope for each
lake from the model) was different in each lake (Fig. 3a).
On average the effect of mHIX on CH4 concentrations
(taken from the model estimates) was over 1.6 and 2.6times less in the oligotrophic lake than in the dystrophic and
mesotrophic lakes respectively (Fig. 3a).
Physicochemical differences between the lakes included
differing light irradiance of the sediments and pH of the
pore water. The mesocosms in the oligotrophic lake were
consistently exposed to higher amounts of light, receiving

The community was deﬁned by a total of 31 methanotrophic
OTUs across all samples, with no known methanotrophs
detected. The community composition subsequently varied
among all lake (PERMANOVA: F2,251 = 60.71, R2 = 0.28,
p = 0.001), litter concentrations (PERMANOVA F2,251 =
20.94, R2 = 0.10 p = 0.001), and sampling month (PERMANOVA F1,251 = 17.65, R2 = 0.04, p = 0.001), but not
among litter type ratio (PERMANOVA F3,251 = 1.29, R2 =
0.001, p = 0.259). To visualize this variation, an NMDS
ordination was ﬁtted in three dimensions to maintain stress
values below 0.2. This NMDS revealed the differences
between the methanogen communities in each lake along
axes 1 and 2 (Fig. 4). By contrast, axes 2 and 3 showed that
the variation in communities caused by different concentration of OM was likely driven by the much larger
variation in the composition of methanogens in the controls
versus all other treatments (Fig. 4).
All methanogen OTUs were assigned to one of ﬁve
Orders via phylogenetic analysis (Fig. 5). Thirteen OTUs
were assigned to Methanobacteriales, six to Methanomicrobiales, ﬁve to Methanosarcianles, four to Methanomassiliicoccales, and three to Methanocellales. Temporally,
the taxonomic richness increased in all mesocosms from
August to September, with an increase in the Chao 1 richness index of 1.41–1.65 times across all lakes, which then
plateaued into October (Fig. 6a). Indicator analysis showed
that OTU 9 (Methanomassiliicoccales) was signiﬁcantly
associated with mesocosms containing leaf litter amendments, and increased in abundance in all lakes over time
(Multi-level pattern analysis: p = 0.001; Fig. 6b).
Despite the increasing species richness, all mesocosms
including controls, were dominated by two Methanobacteriales (OTU 1 and 2). Together, these OTUs comprised
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with OM concentration highlighted. The stress value is printed in the
lower right-hand corner of each plot, and 95% conﬁdence ellipses are
drawn around the groups.

>90% of the relative abundance in any sample. However,
abundances of these two OTUs changed over time differently in each lake. OTU 2 increased in relative abundance
over time in both the dys- and mesotrophic lakes as OTU 1
decreased over time, whereas OTU 1 remained dominant in
the oligotrophic lake over time (Fig. 7).

research exists that directly examines how thresholdquantities of OM can inhibit methanogenesis. We previously hypothesized that lower methanogenesis could be
caused by increased competition from other microbes, such
as sulfate reducers that are capable of H2 and/or acetate
utilization, and whose populations could have increased
with the addition of OM [15]. An additional mechanism that
could be explored is the effect of the accumulation of humic
acids and polyphenols that exude from leaf litters immersed
in water [16]. These compounds could inhibit the biochemical activity of litter decomposition by the syntrophic
microbial partners of methanogens (e.g., inhibition of
extracellular enzymes). Understanding these dynamics
could help constrain the factors that modulate methanogenesis with inﬂuxes of t-OM, and how environmental ﬁltering can change archaeal communities relatively quickly
in response to shifting terrestrial C sources [44]. Regardless,
these data indicate that the microbial community biomass
developed in the ﬁrst few months of decomposition is sufﬁcient to keep up degradation rates with OM increasing up
to 25% concentration (Fig. 2b).
An important factor that shaped the methanogen community composition and CH4 concentrations was the host
lake. We predicted that trophic status of each lake would be
an important predictor of sediment CH4 concentrations,
with more C mineralization in lakes containing higher
nutrient loads, allowing them to be primed for increased

Discussion
Our goal was to assess the effects that different terrestrial
tree litters can have on the mineralization rates and composition of littoral sediment methanogens in lakes with
different trophic statuses. We demonstrate that the addition
of litter to sediments with different trophic statuses increases CH4 concentration and methanogen diversity in sediments. However, the type of tree litter inputs had no distinct
effect on CH4 concentration or on methanogen community
structure, which indicates that changes in forest composition around boreal lakes may not have immediate impacts
on methanogenesis. Consequently, these results suggest that
lake CH4 budgets can be forecasted based on future forest
productivity rates, without needing much knowledge on
forest composition.
We observed that increasing OM concentrations resulted
in increased CH4 concentrations to a certain threshold, in
this case 50% (Fig. 2b; [15]). To our knowledge, no
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Fig. 5 Maximum likelihood phylogenetic tree with bootstrap
values (1000 replicates; values >80 are labeled on the nodes) of the
methanogen OTUs from the present mesocosm study and the

incubation experiment in Yakimovich et al. [15]. Note that the OTU
numbers were assigned independently for each study, resulting in
duplicate OTU numbers in this ﬁgure.

rates of decomposition, and subsequently methanogenesis.
However, we did not observe this outcome, as both the
dystrophic and mesotrophic lakes had lower methane
concentrations than the oligotrophic lake. Our analysis
suggested this was a result of differing degrees of inhibition
on methanogenesis by HMW-C between lakes as measured
by mHIX (Fig. 3a). Previous work showed that greater
solar irradiation of lake sediments resulted in increased
mineralization rates by sediment microbes, due to easier-toutilize metabolites created via photooxidation [21]. However, in a dark lake the sediment microbes invested in
costly enzymes to degrade HMW-C, and had lower
mineralization rates (as in the dystrophic lake in this study).
We see that pattern reﬂected in our results, where the
highly irradiated sediments in the oligotrophic lake had
increased methanogenesis (Figs. 2d, 3b)—that could not
be explained by water temperatures, as there were only

small differences between lakes (Fig. 3c). With similar
light levels between the dys- and meso-trophic lakes, the
differences in CH4 production was likely due to differences
in available nutrients for bacteria to biosynthesize enzymes
required for HMW-C degradation. The steeper slope in the
lower-nutrient mesotrophic lake relative to that of the
dystrophic lake further supports this interpretation
(Fig. 3a). An alternative, but not mutually exclusive,
explanation for differences in CH4 concentrations corresponding with varying light levels between lakes is inhibition of methanotrophs. Previous lab and ﬁeld studies in
the water column and sediments showed increasing inhibition of methanotrophic activity with increasing light
intensity [45, 46]. As our measurements of CH4 concentrations here are of net production we cannot estimate
the role of methanotrophs in this system, however no
known anaerobic methane oxidizer taxa were detected in
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our sequencing data. In contrast to light, temperature surprisingly did not vary much between lakes (Fig. 3c).
We found that the mesocosms were colonized by the
same taxa of methanogens found in lab incubations where
natural lake sediments were used [15]; suggesting the
sediments constructed for this study have the same metabolic capacity. In all lakes, there was a sharp increase in
methanogen richness between August and September,
suggesting that there was a large initial recruitment of new
methanogens to the sediments, establishing a community.
No single OTU seemed to be attributed to higher methane
concentrations overall, but the presence of certain taxa seem
to suggest specialization within the methanogen community. There were also slight differences in overall composition between each lake (Fig. 4). These differences were
driven by both the presence and relative abundance of the
Methanomassiliicoccales OTU 9, which was found to
increase in abundance over time in the oligotrophic lake
(Fig. 6b), and by the differences in patterns between OTUs
1 and 2 (Fig. 7). Our phylogenetic analysis (Fig. 5) indicates
that OTU 9 is closely related to Methanomassiliicoccus

luminyensis B10, a species that is able to reduce methanol,
with hydrogen as an electron source to perform methanogenesis [47]. Higher methanol concentrations could be a
direct result of the more rapid decomposition of HMW-C
owing to higher rates of photooxidation, which then resulted in larger populations of OTU 9 in the oligotrophic lake.
The role of local conditions (i.e., within lake) as major
drivers of methanogen community composition is in line
with our previous work, where we found that the taxonomic
and metabolic functions of the sediment microbial community responded differently to identical additions of t-OM
in different lakes [21, 44].

Conclusion
Methanogens in shallow lake sediments contribute signiﬁcant amounts of CH4 annually to the atmosphere, offsetting the current terrestrial C sink. Here, we investigated
how methanogen communities were shaped by concentrations and ratios of different dominant terrestrial leaf litter
added to lake sediments. Overall, the ratio of fresh
deciduous-to-coniferous litter had no signiﬁcant effect on
methanogenesis, however the addition of any litter
increased methanogenesis up to a threshold, beyond which
inhibition occurred.

K. M. Yakimovich et al.

Trophic status alone did not predict methane concentrations either, as photooxidation in the oligotrophic lake may
have accelerated the decomposition of HMW-C, thereby
providing more readily available metabolites for methanogens and their syntrophic partners. However, when light
levels were similar between lakes, a dystrophic lake with
higher nutrient levels had faster methanogenesis, likely
because the syntrophic sediment bacteria increased catalytic
capabilities. Therefore, lake trophic status and water clarity
are important factors to consider when evaluating how land
use changes around lakes will alter methane production and
emissions in littoral zones.
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