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ARTICLE INFO ABSTRACT

Keywords: The balance between methane producing and methane consuming microorganisms is partially responsible for the
methanogens magnitude and direction of soil-atmosphere methane fluxes. Therefore, understanding the effects of vegetation
methamtmphs. and land use on relative abundance, community structure and vertical distribution of methane cycling micro-
;‘::Zeiirgl mountain peatlands organisms should help us interpret patterns of net emissions of methane. Mountain peatlands in the tropics are

abundant and are important in global carbon cycling, but little is known about the communities of methane-
cycling microorganisms in these ecosystems. We sampled peat from eight Andean peatlands in Peru, Ecuador
and Colombia and described the dominant vegetation, grazing intensity and other site characteristics at each site.
We characterised the microbial community of each peat sample at different depths and identified the methane
cycling microorganisms. We observed a higher proportion of methanogens and methanogen:methanotroph in the
shallow peat of grazed sites than ungrazed sites. At ungrazed sites we found relatively high methanotroph
abundance relative to methanogens, even at the deepest sampling depths, suggesting plant aerenchymal oxygen
transport structures communities at depth. We found changes in the methane cycling microbial communities
among sites and with depth, e.g., in the superficial peat the hydrogenotrophic methanogens were more abundant
but at depth there was more metabolic diversity. Our study provides new insights into the community structure
of methane cycling microorganism of the tropical mountain peatlands, and raises interesting questions regarding
the drivers of methanotroph abundance deeper in peat.

1. Introduction relative balance of methanogens and methanotrophs in peatlands

include 1) the redox potential and substrate quality and quantity, which

Methane (CH4) is the second most important greenhouse gas, after
carbon dioxide, contributing to global warming. Thus, understanding
factors affecting its global atmospheric concentration is of paramount
importance (Zhang et al., 2017). Peatlands are a major source of CH4 to
the atmosphere (Frolking et al., 2011; Ma et al., 2022; Saunois et al.,
2020), but they do vary greatly in CHy efflux. The rate partially depends
on the balance between two specific groups of microorganisms
specialized in CH4 production (methanogens) and CH4 oxidation
(methanotrophs) (Lai, 2009). Two key environmental factors driving the

are affected by peat depth, plant functional types (PFTs), and environ-
mental conditions (such as water table and temperature), and 2) dis-
turbances such as land use change for agriculture (Angel and Conrad,
2009; Blodau, 2002; Conrad, 2009).

At increasing depths, peat is often more decomposed, peat quality
decreases, and the pore spaces are smaller (Patino et al., 2021). These
factors, interacting with water table levels, lead to a vertical gradient in
oxygen diffusion that affects the redox potential and microbial com-
munities. In deeper layers where oxygen and other highly oxidized
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electron acceptors become limited and biochemical redox gradients are
small, a specialized group of methanogenic Archaea create CH4 as a
terminal decomposition product (Conrad, 2009; Tate, 2015). In contrast,
closer to the surface more oxygen or other electron acceptors are
available, which creates a more favourable niche for CH4 oxidising
bacteria, at least when methanogens are active in deeper horizons or
anoxic microsites, and consequently CHy4 is available (Conrad, 2009;
Hanson and Hanson, 1996; Tate, 2015). In response to this vertical
gradient, changes in the community composition of both methanogens
and methanotrophs have been described (He et al., 2015; Peltoniemi
et al., 2016).

Sphagnum, graminoids, and cushion plants (in the Juncaceae,
Asteraceae, and Plantaginaceae) are the dominant functional types of
Andean mountain peatlands (Benavides et al., 2023; Boucher et al.,
2016; Rodriguez-Echeverria et al., 2021; Whinam and Hope, 2005).
Graminoids and cushion plants produce dense and deep aerenchyma-
tous root biomass which affect both substrate supply and quality (elec-
tron donors) through rhizodeposition, and oxidative potential (electron
acceptors) via radial oxygen loss. This leads to shifts in microbial com-
munities, promoting CH4 oxidation even in deep layers where CHy
production is typically dominant (Fritz et al., 2011; Saarnio et al., 2000;
Strack et al., 2016). In addition, cushion plants are characterised by a
low stature, that protects from environmental stress by increasing
temperature and reducing evapotranspiration (Cavieres et al., 2007)
allowing them to thrive at higher elevations under cold conditions. The
presence of aerenchymatous vascular plants has been widely associated
with higher CH4 emissions due to the ability of these plants to transport
CH4 produced in deeper layers to the atmosphere (Turetsky et al., 2014).
However, in Andean mountain and cool temperate low elevation austral
peatlands the presence of aerenchymatous cushion plants has been
associated with low CHy4 emissions, likely as consequence of a better soil
aeration due to the aerenchyma and differences in radial oxygen loss
from roots into the rhizosphere (Armstrong et al., 1992; Fritz et al.,
2011) that could affect the balance between methanogens and meth-
anotrophs, favouring the latter (Dullo et al., 2017; Fritz et al., 2011;
Sanchez et al., 2017). However, studies of microbial communities in
Andean peatlands are lacking.

Another impact on CHy4 efflux is grazing, which is a main cause of
degradation in Andean peatlands (Machaca et al., 2018). Grazing in-
creases soil bulk density and root density (Elschot et al., 2013;
Marin-Diaz et al., 2021) and affects plant community composition and
cover (Machaca et al., 2018). Moreover, the addition of manure, urine,
and faeces-associated methanogens all can have a direct impact on CHy4
cycling and microbial communities (Lammel et al., 2015; Sanchez et al.,
2017; Veber et al., 2018). In Andean peatlands, based on preliminary
studies, a working framework of CH4 dynamics may be that emissions
are low in undisturbed conditions, and the introduction of cattle can
lead to increased CH4 emissions (Sanchez et al., 2017). This would likely
be reflected in transformation of methanogen and methanotroph com-
munity structure in surface horizons.

Microbial communities in mountain peatlands of the tropical Andes
have not been characterised, since most peatland research has been
carried out in boreal or low elevation tropical peatlands. However,
recent research has revealed that mountain peatlands are abundant in
the tropics, increasing their relevance for global carbon cycling
(Benavides et al., 2023; Chimner et al., 2019; Hribljan et al., 2024),
pointing to the importance of characterizing microbial communities in
these ecosystems. The oxidising effects of PFTs and cooler climatic
conditions of Andean peatlands (Fritz et al., 2011; Jauhiainen et al.,
2016; Planas-Clarke et al., 2020; Sanchez et al., 2017), and intensive
disturbance in cushion-dominated pastures should help to structure
vertical patterns of methanogen and methanotroph communities.

In this study we sampled soil from eight peatlands, which had a
gradient in cattle grazing, in Colombia, Ecuador, and Peru, from three
depths (10-20, 30-40 and 60-70 cm). We hypothesized, (H1) that with
increasing depth the ratio of methanogens to methanotrophs would
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increase. We also expected that (H2) the presence of cattle would in-
crease the proportion of methanogens and methanogen:methanotoph
ratios (Mgen:Mtroph) in near-surface peat.

2. Material and methods
2.1. Study region and sites

This study includes sites in Ecuador, Colombia, and Peru, covering a
latitudinal gradient from — 9° to 5°. We sampled peatlands from eight
different sites covering an elevation gradient from 3152 m to 4773 m
and mean annual temperature and annual precipitation from 1.5 °C to
8.7 °C and 674 mm to 1568 mm, respectively (Table 1. Fig. 1). Due to
their proximity and similarities in climate, land use, and soil properties,
the Cayambe Coca site in Ecuador, consisted of a cluster of two cores
taken in two adjacent peatlands separated by < 300 m. We classified
grazing intensity as either no to light grazing (N-L grazing) or med to
high grazing (M-H grazing)) for each site based on disturbances (i.e.
animal tracks and faeces) observed on site (Table 1).

2.2. Field sampling

Samples were taken opportunistically as part of a study of long-term
carbon cycling in mountain peatlands of the tropical Andes (Hribljan
et al., 2024). At each site, one to four cores were collected using a
100 cm long x 6.35 cm diameter stainless steel metal gouge auger
(AMS, Idaho, USA). From most cores, the 10-20 cm, 30-40 cm and
60-70 cm depths were subsampled for microbial community charac-
terization and soil chemical and physical properties. Sub samples for
microbial community analysis were taken using sterile conditions and
the rest of the core was reserved for the physic and chemical analyses. In
a limited number of cores, for logistical reasons only the shallowest
target depth increments were collected, and for some sites deeper seg-
ments were included in addition to the target three depth increments
(Table 1). After the core was extracted, the water table position in the
open hole was allowed to stabilize for approximately one hour and then
recorded as depth from the peat surface. All samples were put imme-
diately on ice packs, frozen within 8 h, and transported frozen to the US
Forest Service Northern Research Station Forestry Science Laboratory in
Houghton, Michigan, USA for further processing.

2.3. Environmental and peat properties

Standardised climate data (mean annual temperature and precipi-
tation) for all sites were obtained from WorldClim (www.worldclim.
org), a high resolution (30 arc s or c. 1 km at the equator) database
generated from a high number of climate observations and topograph-
ical data (Fick and Hijmans, 2017). Soil C and N were determined from
75 mg of dried ground peat on a combustion based elemental analyser
(Watmough et al., 2022), 57 elements were analysed from ashed peat
after acid digestion on an inductively coupled plasma mass spectrometer
(Birnbaum et al., 2023). Only Cu, Fe, Ni, and S were used in further
analyses due to their role in aerobic oxidative enzymes (Cu), methano-
genesis limiting factor (Fe, Ni) or methanogenesis inhibitor (Cu, Ni). Soil
pH was measured in a 2:1 ratio of distilled water to peat (Tablel).

2.4. Methanogen and methanotroph communities

Microbial communities were characterised with DNA amplicon
sequencing. Approximately 10 ml of peat from a sample was placed in a
50 ml tube, followed by twenty 3.2 mm chrome-steel beads, and pulv-
erised with a modified mini-beadbeater-96 (BioSpec Products, Bartles-
ville, OK, USA) bead beater for 2 min. DNA was extracted from 0.5 g
subsample of pulverised peat using a PowerSoil® DNA Isolation Kit
(MoBio Laboratories Inc., Carlsbad, California, USA, now Qiagen)
following the manufacturer’s instructions, with the addition of a 30-
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Table 1
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Site description table. Antisana (Ant) and Cayambe Coca (CC) sites are located in Ecuador, Chingaza National Natural park (Chi) and Paramo de Guerrero (P De G) are
located in Colombia, and Cahuish (Cah), Pastoruri (Pas) and Quilcayhuanca (Qui) are located in Peru. MAT: Mean Annual Temperature, MAP: Mean Annual Pre-
cipitation. Med-H: Medium to High grazing, Not-L: No to Light grazing, Vegetation: dominant vegetation observed on the peatland.

Core Latitude Longitude Elevation (m) MAT (°C) MAP (mm) Grazing Vegetation Year sampled Month sampled
Antl — 0.494657 — 78.276000 3931 4.7 1167 Med-H Mixed cushion 2014 6
Ant2 — 0.494657 — 78.276000 3931 4.7 1167 Med-H Mixed cushion 2014 6
Ant3 — 0.494639 — 78.276200 3930 4.7 1167 Med-H Mixed cushion 2014 6
Ant4 — 0.494569 — 78.276200 3930 4.7 1167 Med-H Mixed cushion 2014 6
cC1 —0.321631 — 78.199400 4235 4.5 1310 Not-L Mixed cushion 2014 6
cc2 —0.319201 — 78.200100 4252 4.5 1310 Not-L Mixed cushion 2014 6
Chi 4.677459 — 73.787223 3152 8.7 1568 Med-H Other 2015 10
PDeG 5.214600 — 74.006960 3636 7.9 1299 Not-L Other 2014 2
Cahl — 9.687670 — 77.247810 4416 3.5 674 Not-L Other 2014 5
Cah2 — 9.687210 — 77.248040 4421 3.5 674 Not-L Other 2014 5
Cah3 —9.688110 — 77.247770 4418 3.5 674 Not-L Other 2014 5
Pasl — 9.884810 — 77.188270 4758 1.5 712 Med-H Mixed cushion 2014 5
Pas2 — 9.885310 — 77.187930 4762 1.5 712 Med-H Mixed cushion 2014 5
Pas3 — 9.885679 — 77.187673 4773 1.5 712 Med-H Mixed cushion 2014 5
Quil — 9.466210 — 77.378940 3925 1.5 712 Med-H Mixed cushion 2014 5
Qui2 — 9.466720 — 77.379260 3935 1.5 712 Med-H Mixed cushion 2014 5
Qui3 — 9.464650 — 77.377610 3940 3.9 736 Med-H Mixed cushion 2014 5

minute incubation at 65 °C in the C1 lysis buffer following the 10-min
vortexing step. The extracted DNA was cleaned using a MoBio Power-
Clean® Pro DNA Clean-Up Kit and quantified with a Qubit Fluorometer
(Invitrogen, Life Technologies, Carlsbad, CA, USA). The cleaned DNA
extracts were sequenced at the U.S. Department of Energy Joint Genome
Institute (JGI, Walnut Creek, California, USA; it has subsequently moved
to Berkeley, California, USA) using an Illumina MiSeq (Illumina, Inc.,
San Diego, CA) with 2 x 300 bp chemistry. Bear et al. (2021), in a study
in North American peatlands, highlighted the better characterization of
the methanogenic communities targeting 16S than the mcrA gene se-
quences; consequently, we targeted the 16S V4 region using 515 F and
806 R primers which also contained Illumina sequencing adaptors and
the reverse primer contained an 11 bp index unique to each sample
(Caporaso et al., 2011).

From the raw sequence reads, Illumina adaptors and PhiX 174 were
removed with BBDuk (sourceforge.net/projects/bbmap/), and 3" and 5'
PCR primers were trimmed with Cutadapt 3 (Martin, 2011). Sequences
were merged into ASVs (Amplicon Sequence Variants), filtered for
quality (expected error rate = 2), chimeras removed, and reads joined,
all using DADA2 (Callahan et al., 2016). Before creating the ASVs for-
ward and reverse V4 sequence reads were truncated at 200 bp and
150 bp, respectively. Taxonomic assignment was performed with the
naive Bayes feature-classifier (Bokulich et al., 2018; Pedregosa et al.,
2011); and Qiime formatted SILVA 16S + 18S dataset (Silva 138 SSURef
NR99 515F/806R region; (Quast et al., 2013; Robeson et al., 2021).
ASVs with taxonomic assignments to mitochondria, chloroplast and
eukaryote 18S sequences were filtered from the V4 dataset. All afore-
mentioned steps, from processing with DADA2 to filtering of non-target
taxa, took place within the QIIME2 environment (Bolyen et al., 2019).
The datasets were then normalised by scaling with ranked subsampling
(SRS) prior to all statistical analyses (Beule and Karlovsky, 2020).
Tentative functional groups were assigned with faprotax_1.2.4 (Louca
et al., 2016), with further refinement for methanogens and methano-
trophs based on literature searches. Due to the importance of the
archaeal phylum Bathyarchaeota in C cycling and their possible but
unconfirmed role in CH4 metabolism (Evans et al., 2015), we retained
the Bathyarchaeota in our assessment. This phylum occurs in diverse
habitats from marine to freshwater and terrestrial environments (Zhou
et al., 2018) however, they have been described across other anoxic
environments as metabolically diverse. For these reasons, the Bathy-
archaeota have been analysed separately from the confirmed metha-
nogens and methanotrophs.

2.5. Statistical analyses

We performed permutational multivariate analyses of variance
(PERMANOVA) with Bray-Curtis distance measure to evaluate the effect
of depth and location on the communities of methanogens and meth-
anotrophs independently and after normalising the data, using the
adonis2 function and 1000 permutations in the vegan package (Oksanen
et al.,, 2020). When statistical differences were found we performed
pairwise comparisons for all levels of the factor with the adonis.pair()
function in the EcolUtils package (Salazar, 2021). We used
Kruskal-Wallis one-way analysis of the variance to determine signifi-
cance of the grazing intensity on the Mgen:Mtroph at each depth. We
performed a principal component analyses (PCA) to evaluate the re-
lationships between the Mgen:Mtroph ratio and the environmental
variables (i.e., relative position of the sample to the water table, sample
depth, peat pH and temperature, elevation, C, C/N ratio, Ni, Cu, S, Fe
and grazing intensity), using the prcomp () function from the stats
package (RCore, 2021). All variables were scaled to unit variance prior
to PCA. We evaluated the relationships between methanogen and
methanotroph microbial community and environmental variables
through distance-based redundancy analyses (dbRDA) (Legendre and
Anderson, 1999) based on Bray-Curtis dissimilarities, using the capscale
function in the vegan package (Oksanen et al., 2020) and the phyloseq
package (McMurdie and Holmes, 2013). We used the ordistep function
in the vegan package to select the best model with permutation tests
(Oksanen et al., 2020). We used logarithm transformations of the soil
C/N ratio and Fe to improve residual normality. All analyses were per-
formed using R 4.1.0 (RCore, 2021). Data associated with this study are
available from figshare (Lafuente et al., 2023) and SWAMP Dataverse.

3. Results
3.1. Methanogen and methanotroph relative abundance

Methanogens were detected in all core depth samples except in the
shallowest (10-20 cm) at Paramo de Guerrero and Quilcayhuanca,
whereas methanotrophs were present in all samples (Figs. 2-4). The
combined relative abundance of methanogens and methanotrophs was
under 5 % of the total amplified prokaryote community in all samples.
Both Antisana and Chingaza had a high relative abundance of metha-
nogens in the upper depth sample (1.4 % and 1.5 % respectively). With
increasing depth, the relative abundance of methanogens increased in
all sites except Antisana where the surface had the highest methanogen
relative abundance (Fig. 2A). Antisana and Chingaza also had the
greatest relative abundance of methanotrophs at the surface (~ 2 %).
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Fig. 1. Map of the study region in the tropical Andes Mountains. Insets detail locations sampled. A. Colombian sites, B. Ecuadorian sites, C. Peruvian sites.

The relative abundance of methanotrophs was higher than that of
methanogens in all cores and depths except in Antisana at 30 cm and
Cayambe Coca at 147 cm and 200 cm (Fig. 2B). The Mgen:Mtroph
increased with depth, except in Antisana and Pastoruri where the 30 cm
depth had the highest Mgen:Mtroph. This paper focused only on strict
CH4 related microorganisms thus we have not included Bathyarchaeota
in our analyses because not all are likely methanogens. Interestingly, we
found abundant Bathyarchaeota in all samples, and high relative
abundance at depth (Fig. S1).

3.2. Methanogen and methanotroph community composition

The composition of the methanogen communities varied with depth
(F (3) = 2.43, p < 0.0001) and among sites (F (6) = 2.41, p < 0.0001).
Whereas the order Methanobacteriales was the dominant in the top
sample (10-20 cm depth) in the site with the highest grazing intensity
(Antisana), the Methanomicrobiales dominated at one of the other sites
with M-H grazing (Chingaza). The former order was also dominant in
the top sample at one of the sites with no evidence of grazing (Cayambe
Coca). However, unlike the grazed sites, the relative abundance of

methanogens in this sample was small as a proportion of total reads
(below 0.003 %). The other two sites with M-H and N-L grazing intensity
(Pastoruri and Cahuish, respectively) had a combination of Meth-
anomicrobiales with Methanobacteriales or Methanomassiliicoccales in
the top samples. However, the total relative abundances of methanogens
in these two sites, Pastoruri and Cahuish, were small at 0.04 % and
0.004 %, respectively. At deeper layers taxa in the orders Meth-
anocellales, Methanomicrobiales, Methanosarcinales and Meth-
anomassiliicoccales dominated (Fig. 3).

The composition of the methanotroph communities also varied with
depth (F (3) =2.32, p<0.0001) and among sites (F (6) = 3.35,
p < 0.0001). The order Methylococcales was the dominant in the sites
with M-H grazing intensity (Antisana and Pastoruri), whereas Rhizo-
biales was the dominant order in the sites with N-L grazing intensity
(Cayambe Coca, Paramo de Guerrero and Cahuish). In addition, Meth-
ylomirabilales together with Rhizobiales were the co-dominant orders in
one of the sites with M-H grazing (Chingaza; Fig. 4). The order Meth-
ylomirabilales was more abundant with depth in all sites regardless of
grazing intensity.
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Fig. 2. Relative abundance of methanogens (A), methanotrophs (i.e. methane oxidising bacteria. B) and the methanogens:methanotroph ratio across depths in the
studied sites. The relative abundances were calculated in relation to the total number of sequence reads per sample. PdG: Paramo de Guerrero. Data are means + SE.

3.3. Predictors of the Mgen:Mtroph

Forty-one percent of variation in environmental variables was
explained by the first two axes of the PCA (23 % and 18 %). Axis 1
primarily captured variation in soil physicochemical properties, while
axis 2 captured variation in depth and the relative position of the water
table (Fig. 5). The samples were divided in three clusters by depth.
Within the cluster for the top and middle depth samples, those from the
M-H grazing intensity sites (Antisana and Quilcayhuanca) clustered
together on the bottom right side. However, in the deep samples, the
differentiation by grazing intensity was less evident (Fig. 5). The Mgen:
Mtroph of Antisana, the highest grazing intensity site, was higher in the
top and middle depth samples, while two of the sites with N-L grazing
intensity (Cayambe Coca and Cahuish) had lower Mgen:Mtroph in the
top and middle depth samples.

3.4. Predictors of the community composition

The dbRDA model explained a total 16 % and 27 % of the metha-
nogen and methanotroph community variability, respectively (Figs. 6A
and 6B). The position of the water table relative to the peat sample was
an important predictor of both methanogen and methanotroph com-
munity composition. In addition, copper (Cu) was an important pre-
dictor of the methanogen community composition, and peat
temperature and pH were the main predictors of the methanotroph
community composition.

4. Discussion
The CH4 cycling microbial communities from seven Andean peat-

lands located in Ecuador, Colombia and Peru showed that methano-
trophs were widely distributed and present in all depths and sites,

whereas methanogens were rare or absent on the surface at five of the
seven sites, and only abundant at two of the sites (Antisana and Chin-
gaza). Methanogen and methanotroph abundances were likely influ-
enced by the interactions of aerenchymatous roots abilities to both
transport labile e” and C substrates and oxygen to lower depths, com-
bined with grazing alteration of the normal vertical patterns of sub-
strate/electron acceptor availability (H2)(Fritz et al., 2011; Strack et al.,
2016). There was not clear statistical evidence that grazing intensity had
an effect on the Mgen:Mtroph (Top sample Chi square = 2.72, p = 0.26,
df = 2). This may have been due to the difficulty in classifying the
grazing intensity from observed evidence or that other characteristics
among the sites might have overshadowed the grazing effect. Never-
theless, we observed an increase in the range of the Mgen:Mtroph with
higher grazing in the near-surface samples, evident in the known highly
grazed site of Antisana (Fig. S2A). Among the environmental variables
studied, Cu was a strong predictor of the methanogen community
composition, perhaps for its potential to inhibit certain methanogens
(Bear et al., 2021), especially given the relatively high concentrations (>
400 mg/kg).

4.1. Vertical patterns in methanogen relative abundance

Methanogens are expected to be more abundant and active below the
water table, under waterlogged, anoxic conditions (Freitag et al., 2010).
The sites were all relatively wet (with the 10-20 cm soil depth at or
beneath the water table) at the time of sample collection. However, the
water table depth does fluctuate between wet and dry periods and thus
we expected an increase in their relative abundance with increasing
depth. For instance, Cayambe Coca, similar to the majority of sites, had
very low methanogen relative abundance near the soil surface, which as
expected increased with depth (Fig. 2A) (Freitag et al., 2010). In
contrast, Antisana followed the opposite pattern, with a clear decline in
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methanogen relative abundance with depth. Chingaza (identified as a
M-H intensity grazed peatland) similarly to Antisana showed high total
abundance of methanogens in the shallow layers of peat, unfortunately
we do not have deeper samples of peat and thus we do not know if
Chingaza followed the same vertical pattern. This could be due to the
high grazing disturbance at the site. The abundant bovine ruminants in
addition to disturb the peat surface and disrupted plant production, they
provide manure rich in labile substrates and methanogenic archaea,
altering the methanogen community observed in the shallow layers of
peat on sites with high grazing pressure like Antisana (Fritze et al., 2021;
Kroeger et al., 2021; Radl et al., 2007). Further research would help us to
better understand whether high grazing intensity is responsible of shifts
on the vertical pattern of methanogenic communities.

4.2. Vertical patterns of methanotroph relative abundance

The consistent pattern of methanotroph persistence and even higher
relative abundance with depth suggests a consistent availability of both
CH4 and electron acceptors that could support methanotrophy at depth
(Lai et al., 2009). Given that the relative abundance of putatively aer-
obic CH4 oxidising bacteria (Alphaproteobacteria, Gammaproteobac-
teria and Verrucomicrobia lineages (Bridgham et al., 2013; Le Mer and
Roger, 2001) increased with depth well below the water table in some

cases, it was likely that plant roots played important roles in microbial
CH,4 cycling. As noted earlier, cushion plants and sedges have high
amounts of aerenchyma tissue, which facilitates the transport of oxygen
below the water table to support aerobic metabolism of roots in an
otherwise anoxic environment (Brauer et al., 2020; Lai, 2009). These
roots provided oxygen for CHy oxidising bacteria, and also labile organic
substrates at depth, which could have fed methanogens if compounds
migrate into anoxic areas further from roots or into anoxic microsites in
the rhizosphere. Many cushion plants have low associated CH4 emis-
sions, likely related to high rhizosphere oxidation by aerenchyma (Fritz
et al., 2011), favouring methanotrophs in close proximity to the roots,
hence providing a barrier to CHy diffusion into and transport by roots.
This might explain the increase in methanotrophs with depth at most
sites, which kept the Mgen:Mtroph relatively low even down to 200 cm
depth, consistent with the presence of oxic microsites at depth (H1).
Suarez et al. (2021) found that production of Distichia muscoides Nees &
Meyen and Plantago rigida Kunth roots were substantial down to
40-50 cm, but they did not sample deeper, so the deep root distribution
and dynamics of these species was unclear. More informally, we have
observed roots of aerenchymal plants down to at least the 60-70 cm
depth.
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4.3. Vertical patterns of Mgen:Mtroph

In the absence of root inputs or disturbance, the Mgen:Mtroph was
expected to be lower in the shallow peat and increase with depth (H1).
Overall, we observed that Mgen:Mtroph are sometimes but not always
higher at deeper layers, likely reflecting the patterns of root proliferation
and substrate input described above. We would expect to find more CHy4
oxidising bacteria than methanogens near the surface where conditions
were oxic, and an increase in the relative abundance of methanogens
with depth relative to methanotroph, increasing the Mgen:Mtroph.
Although we did observe this pattern at several sites, we did not in
Antisana and Pastoruri, which were M-H grazed sites. In particular,
Antisana had a high relative abundance of both methanogen and
methanotrophs on the surface and was the site with the highest ratio in
the shallow layers of peat (Fig. 2C). However, the intermediate depth
samples had a higher ratio due to a notable reduction in the methano-
troph relative abundance, perhaps reflecting disturbance to aerenchy-
mal roots and their transport of oxygen below the water table (Sanchez
etal., 2017). Disturbance and turnover of the aerenchymal plant roots at
Antisana could have favoured the anaerobic metabolism of metha-
nogens over the aerobic metabolism of methanotrophs, driving the shift
in ratios of methanogens to methanotrophs and high CH4 emissions
(H2). Chingaza was one of the peatlands with M-H signs of grazing. Here

we also found a very high relative abundance of methanogens in the
shallow layer, but the relative abundance of methanotrophs was also
very high, and consequently the ratio was small. Unfortunately, on this
site we did not have samples at deeper layers. Our data showed some
evidence that heavy grazing may have altered the Mgen and Mtroph
relative abundance (Fig. S2), but only in very high grazing areas. Hence,
Antisana (and possibly Chingaza) shows a shift in the expected vertical
gradient of Mgen:Mtroph that could be explained by the presence of
cattle on both sites (Kroeger et al., 2021; Radl et al., 2007). However, the
lack of clear statistical evidence, may have been due to the difficulty in
classifying the grazing intensity from observed evidence or that other
characteristics among the sites might have overshadowed the grazing
effect.

4.4. Methanogen and methanotroph communities

Both acetoclastic and hydrogenotrophic methanogenesis have been
described in northern and tropical peatlands, generally with hydro-
genotrophic metabolism dominant (Brauer et al., 2020; Finn et al., 2020;
Too et al., 2018). Similarly, we found that hydrogenotrophic metha-
nogens (Methanobacteriales and Methanomicrobiales) were dominant
in the surface samples suggesting that the primary source of CH4 comes
from hydrogenotrophic methanogenesis. In contrast, in deeper layers we



A. Lafuente et al.

Pedobiologia - Journal of Soil Ecology 113 (2025) 151093

Depth
* : WTD
N
2 | ;
Peat_;* .+ Deep
X : .
: : Mgen:Mtroph Ratio
.
" . i A X 0
Elevation : O 5
9 f
I (- * a
= :Brazing Si
Pl — D SR\ N — eI 22 o W e R S L
O C ‘ Cu ! @ Antisa
o > : Pedt_Temp A
CN.Ratio : Cahuish
N | B Cayambe Coca
; A + 0 € Pastoruri
A o 3 o
5 om : uilcayhuanca
| 4
A Fe
2
Top
4 3 2 1 0 1 2 3 4

PC1(23.07.%)

Fig. 5. Principal Components Analyses of the environmental variables. Methanogen-Methanotroph ratio has been log transformed. The ellipses have been drawn to

highlight the grouping of the samples by depth. Top 10-20 cm, mid 30-40 cm,

found more variety of metabolisms with the increasing relative abun-
dance of Methanocellales (hydrogenotrophic), Methanomicrobiales
(hydrogenotrophic), Methanosarcinales (hydrogenotrophic, methylo-
trophic, reductive methylotrophic, acetoclastic) and Meth-
anomassiliicoccales (reductive methylotrophic). Furthermore, Antisana,
the site most heavily affected by grazing, was the only site with high
Methanobacteriales relative abundance at the surface. Although
Cayambe Coca also had high Methanobacteriales as a proportion of the
methanogen community, they were at extremely low abundance relative
to other members of the overall prokaryote community. Meth-
anobacteriales are the common enteric methanogens associated with
rumen fermentation in cattle (Matthews et al., 2019) as is Meth-
anosarcina barkeri from the order Methanosarcinales. The genus Meth-
anosarcina was found in all near-surface samples of Antisana and
Chingaza and in one of the near-surface samples of Pastoruri. It is un-
clear whether the high relative abundance of Methanobacteriales and
Methanosarcinales reflects their continued inputs from faeces, or the
creation of favourable conditions by the combination of labile faecal
substrate addition and physical disturbance. In a parallel finding, hot
spots of CH4 emissions have been described in boreal fen peatlands of
North America and Eurasia, possibly attributable to the presence of
caribou and reindeer, respectively (Fritze et al., 2021; Turetsky et al.,
2014). Additionally, previous field and laboratory experiments have
observed changes in the CHy-related microbial communities and also
increasing CH4 fluxes with the addition of grazer faeces (Fritze et al.,
2021; Hahn et al., 2018; Laiho et al., 2017). Methanogenesis at the soil
surface is more likely to contribute to emissions, all else being equal,
because of the shorter diffusive pathway to the atmosphere. Sanchez
etal. (2017) measured CH4 fluxes in two of the sites in the present study,
Antisana and Cayambe Coca, concurrent with the microbial sampling for
the present study. Notably, Cayambe Coca (N-L grazing disturbance)

deep 60-70 cm.

had low CH, fluxes (10.1 mg CH; m~2 d 1) and the intensely grazed site
(Antisana) had elevated CHy fluxes (132.3 mg CH4 m~2 d’l). Similarly,
our finding of high emissions of CH,4 associated with a high Mgen:
Mtroph has been found in other studies in which high Mgen:Mtroph (i.e.
high methanogen and low methanotroph relative abundance) are found
concurrent with high CHy4 emissions in different wetlands (Rey-Sanchez
etal., 2019; Wen et al., 2018). This points to a potential area of research
to evaluate if a rapid microbial community assay that captures this ratio
could be a good predictor of ecosystem fluxes of CH4, which could be of
use for environmental monitoring purposes.

Methanotroph communities in the surface layers were dominated by
the order Rhizobiales, similar to other northern and Amazonian peat-
lands (Finn et al., 2020; Perryman et al., 2022; Wang et al., 2022). In
contrast, the top layer of Antisana and Pastoruri were dominated by
Methylococcales which have been observed in more minerotrophic
peatlands (Finn et al., 2020). In all samples at deeper layers Methyl-
omirabilales gained importance, which could be related to the ability of
anaerobic CH4 oxidation coupled to nitrite oxidation that has been
described in this group. This requires further investigation, as sequences
of known anaerobic CH4 oxidising prokaryotes were not found in our
samples.

In conclusion, our results indicate that both methanogens and
methanotrophs are abundant in tropical Andean mountain peatlands
and these communities change with depth. The abundance of plants
with aerenchymatous roots and their ability to transport labile sub-
strates and oxygen to deeper layers of peat likely created the appropriate
conditions for oxic microorganisms at great depths by altering the ver-
tical patterns of substrate and electron acceptor availability. Our results
highlight the need to better understand the composition and relative
abundance of CH4 related communities in order to better predict at-
mospheric CHy4 fluxes from Andean peatlands under the ongoing



A. Lafuente et al.

o A A
2
o
o
<
© A
o A
]
L L]
||
o Relative WTD
1 0 1 2
CAP1
B
Peat Temp
1
A
A
o -

CAP2

Relative WTD

Pedobiologia - Journal of Soil Ecology 113 (2025) 151093

Order

@ Aenigmarchaeota
Methanobacteriales
Methanocellales
Methanofastidiosales
Methanomassiliicoccales
Methanomethyliales
Methanomicrobiales

. @ Methanosarciniales
Site

Depth
Antisana
MW Deep
Cahuish s
@ : ¢ Mid Relative Abundance
@ Cayambe Coca
- A Top @® 10
@ Pastoruri
Quilcayhuanca @ 20
@ 0
@«
Order
Gammaproteobacteria
@® MB-A2-108

Methylococcales
Methylomirabiales
® Rhizobiales

Fig. 6. Methanogen (A) and Methanotroph (B) db-RDA.

environmental changes.
CRediT authorship contribution statement

Juan C. Benavides: Writing — review & editing, Data curation.
Nathan Basiliko: Writing — review & editing, Data curation. John
Hribljan: Writing — review & editing, Data curation. Rodney A.
Chimner: Writing — review & editing, Methodology. Louis J. Lamit:
Writing — review & editing, Software, Methodology, Data curation.
Angela Lafuente: Writing — review & editing, Writing — original draft,
Formal analysis, Data curation. Erik A. Lilleskov: Writing — review &
editing, Supervision, Methodology, Funding acquisition,
Conceptualization.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Erik Lilleskov reports financial support was provided by National Sci-
ence Foundation. Erik Lilleskov reports equipment, drugs, or supplies
was provided by DOE Joint Genome Institute. Erik Lilleskov reports
financial support was provided by USAID. Erik Lilleskov reports finan-
cial support, administrative support, equipment, drugs, or supplies, and
statistical analysis were provided by USDA Forest Service Northern
Research Station. If there are other authors, they declare that they have
no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

Acknowledgements

We thank A. Bales, K. Beesley, M. Behrmann, S. Harttung, S Kelso, E.
Matthys, L. Merchan, AM Rozo, R. Schwartz, L. Theobold and C. Tucker
for their help in the field and lab analyses. We are grateful to Shaun
Watmough (School of the Environment, Trent University, Canada),
Graeme Spiers (Laurentian University, Canada), and their respective lab
members who contributed to the analyses of the peat chemistry through
the Global Peatland Microbiome Project. This work was supported by
the USDA Forest Service Northern Research Station, the US National
Science Foundation (DEB-1 146 149), the USAID-funded Sustainable
Wetlands Adaptation and Mitigation Program (SWAMP), and the U.S.
Department of Energy Joint Genome Institute Community Science Pro-
gram (Proposal ID 1445). The work conducted by the U.S. Department of
Energy Joint Genome Institute, a DOE Office of Science User Facility,
was supported by the Office of Science of the U.S. Department of Energy
under Contract no. DE-AC02-05CH11231.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.pedobi.2025.151093.

Data availability

Data in support of these finding are available on Figshare at Lafuente
et al. (2023) and gene data at JGI.


https://doi.org/10.1016/j.pedobi.2025.151093

A. Lafuente et al.

References

Angel, R., Conrad, R., 2009. In situ measurement of methane fluxes and analysis of
transcribed particulate methane monooxygenase in desert soils. Environ. Microbiol.
11 (10), 2598-2610. https://doi.org/10.1111/j.1462-2920.2009.01984.x.

Armstrong, J., Armstrong, W., Beckett, P.M., 1992. Phragmites australis: venturi- and
humidity-induced pressure flows enhance rhizome aeration and rhizosphere
oxidation. New Phytol. 120, 197-207.

Bear, S.E., Seward, J.D., Lamit, L.J., Basiliko, N., Moore, T., Lilleskov, E., Yavitt, J.B.,
Schadt, C.W., Smith, D.S., McLaughlin, J., Siljanen, H., Mykytczuk, N., Williams, S.,
Roulet, N., Harris, L., Carson, M.A., Watmough, S., Brauer, S.L., 2021. Beyond the
usual suspects: methanogenic communities in eastern north American peatlands are
also influenced by nickel and copper concentrations. FEMS Microbiol. Lett. 368
(21-24). https://doi.org/10.1093/femsle/fnab151.

Benavides, J.C., Vitt, D.H., Cooper, D.J., 2023. The high-elevation peatlands of the
Northern Andes, Colombia. Plants 12 (4). https://doi.org/10.3390/plants12040955.

Beule, L., Karlovsky, P., 2020. Improved normalization of species count data in ecology
by scaling with ranked subsampling (SRS): application to microbial communities.
PeerJ 8, €9593. https://doi.org/10.7717/peerj.9593.

Birnbaum, C., Wood, J., Lilleskov, E., Lamit, L.J., Shannon, J., Brewer, M., Grover, S.,
2023. Degradation reduces microbial richness and alters microbial functions in an
Australian peatland. Micro Ecol. 85 (3), 875-891. https://doi.org/10.1007/s00248-
022-02071-z.

Blodau, C., 2002. Carbon cycling in peatlands — a review of processes and controls.
Environ. Rev. 10 (2), 111-134. https://doi.org/10.1139/a02-004.

Bokulich, N.A., Kaehler, B.D., Rideout, J.R., Dillon, M., Bolyen, E., Knight, R., Huttley, G.
A., Gregory Caporaso, J., 2018. Optimizing taxonomic classification of marker-gene
amplicon sequences with QIIME 2’s q2-feature-classifier plugin. Microbiome 6 (1),
90. https://doi.org/10.1186/540168-018-0470-z.

Bolyen, E., Rideout, J.R., Dillon, M.R., Bokulich, N.A., Abnet, C.C., Al-Ghalith, G.A.,
Alexander, H., Alm, E.J., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J.E.,
Bittinger, K., Brejnrod, A., Brislawn, C.J., Brown, C.T., Callahan, B.J., Caraballo-
Rodriguez, A.M., Chase, J., Caporaso, J.G., et al., 2019. Reproducible, interactive,
scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37
(8), 852-857. https://doi.org/10.1038/541587-019-0209-9.

Boucher, F.C., Lavergne, S., Basile, M., Choler, P., Aubert, S., 2016. Evolution and
biogeography of the cushion life form in angiosperms. Perspect. Plant Ecol. Evol.
Syst. 20, 22-31. https://doi.org/10.1016/j.ppees.2016.03.002.

Brauer, S.L., Basiliko, N., Siljanen, H.M.P., Zinder, S.H., 2020. Methanogenic archaea in
peatlands. FEMS Microbiol. Lett. 367 (20). https://doi.org/10.1093/femsle/
fnaal72. Oxford University Press.

Bridgham, S.D., Cadillo-Quiroz, H., Keller, J.K., Zhuang, Q., 2013. Methane emissions
from wetlands: biogeochemical, microbial, and modeling perspectives from local to
global scales. Glob. Change Biol. 19 (5), 1325-1346. https://doi.org/10.1111/
gcb.12131.

Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J., Holmes, S.P.,
2016. DADA2: high-resolution sample inference from illumina amplicon data. Nat.
Methods 13 (7), 581-583. https://doi.org/10.1038/nmeth.3869.

Caporaso, J.G., Lauber, C.L., Walters, W.A., Berg-Lyons, D., Lozupone, C.A.,
Turnbaugh, P.J., Fierer, N., Knight, R., 2011. Global patterns of 16S rRNA diversity
at a depth of millions of sequences per sample. Proc. Natl. Acad. Sci. USA 108 (1),
4516-4522. https://doi.org/10.1073/pnas.1000080107.

Cavieres, L.A., Badano, E.I, Sierra-Almeida, A., Molina-Montenegro, M.A., 2007.
Microclimatic modifications of cushion plants and their consequences for seedling
survival of native and non-native herbaceous species in the high Andes of central
Chile. Arct. Antarct. Alp. Res. 39 (2), 229-236. https://doi.org/10.1657/1523-0430
(2007)39[229:Mmocpa]2.0.Co;2.

Chimner, R.A., Bourgeau-Chavez, L., Grelik, S., Hribljan, J.A., Clarke, A.M.P., Polk, M.H.,
Lilleskov, E.A., Fuentealba, B., 2019. Mapping mountain peatlands and wet
meadows using multi-date, multi-sensor remote sensing in the Cordillera Blanca,
Peru. Wetlands 39 (5), 1057-1067. https://doi.org/10.1007/s13157-019-01134-1.

Conrad, R., 2009. The global methane cycle: recent advances in understanding the
microbial processes involved. Environ. Microbiol. Rep. 1 (5), 285-292. https://doi.
org/10.1111/j.1758-2229.2009.00038.x.

Dullo, B.W., Grootjans, A.P., Roelofs, J.G.M., Senbeta, A.F., Fritz, C., Lamers, L.P.M.,
2017. Radial oxygen loss by the cushion plant eriocaulon schimperi prevents
methane emissions from an East-African mountain mire. Plant Biol. 19 (5), 736-741.
https://doi.org/10.1111/plb.12586.

Elschot, K., Bouma, T.J., Temmerman, S., Bakker, J.P., 2013. Effects of long-term grazing
on sediment deposition and salt-marsh accretion rates. Estuar. Coast. Shelf Sci. 133,
109-115. https://doi.org/10.1016/j.ecss.2013.08.021.

Evans, P.N., Parks, D.H., Chadwick, G.L., Robbins, S.J., Orphan, V.J., Golding, S.D.,
Tyson, G.W., 2015. Methane metabolism in the archaeal phylum Bathyarchaeota
revealed by genome-centric metagenomics. Science 350 (6259), 434-438. https://
doi.org/10.1126/science.aac7745.

Fick, S.E., Hijmans, R.J., 2017. WorldClim 2: new 1-km spatial resolution climate
surfaces for global land areas. Int. J. Climatol. 37 (12), 4302-4315. https://doi.org/
10.1002/joc.5086.

Finn, D.R., Ziv-El, M., van Haren, J., Park, J.G., del Aguila-Pasquel, J., Urquiza-Munoz, J.
D., Cadillo-Quiroz, H., 2020. Methanogens and methanotrophs show nutrient-
dependent community assemblage patterns across tropical peatlands of the Pastaza-
Maranén Basin, Peruvian Amazonia. Front. Microbiol. 11. https://doi.org/10.3389/
fmicb.2020.00746.

Freitag, T.E., Toet, S., Ineson, P., Prosser, J.I., 2010. Links between methane flux and
transcriptional activities of methanogens and methane oxidizers in a blanket peat

10

Pedobiologia - Journal of Soil Ecology 113 (2025) 151093

bog. FEMS Microbiol. Ecol. 73 (1), 157-165. https://doi.org/10.1111/j.1574-
6941.2010.00871.x.

Fritz, C., Pancotto, V.A., Elzenga, J.T., Visser, E.J., Grootjans, A.P., Pol, A., Iturraspe, R.,
Roelofs, J.G., Smolders, A.J., 2011. Zero methane emission bogs: extreme
rhizosphere oxygenation by cushion plants in patagonia. New Phytol. 190 (2),
398-408. https://doi.org/10.1111/j.1469-8137.2010.03604.x.

Fritze, H., Penttila, T., Makiranta, P., Laiho, R., Tuomivirta, T., Forsman, J., Kumpula, J.,
Juottonen, H., Peltoniemi, K., 2021. Exploring the mechanisms by which reindeer
droppings induce fen peat methane production. Soil Biol. Biochem. 160. https://doi.
org/10.1016/j.s0ilbio.2021.108318.

Frolking, S., Talbot, J., Jones, M.C., Treat, C.C., Kauffman, J.B., Tuittila, E.-S., Roulet, N.,
2011. Peatlands in the Earth’s 21st century climate system. Environ. Rev. 19 (NA),
371-396. https://doi.org/10.1139/a11-014.

Hahn, J., Juottonen, H., Fritze, H., Tuittila, E.-S., 2018. Dung application increases CH4
production potential and alters the composition and abundance of methanogen
community in restored peatland soils from Europe. Biol. Fertil. Soils 54 (4),
533-547. https://doi.org/10.1007/s00374-018-1279-4.

Hanson, R.S., Hanson, T.E., 1996. Methanotrophic bacteria. Microbiol. Rev. 60 (2),
439-471.

He, S., Malfatti, S.A., McFarland, J.W., Anderson, F.E., Pati, A., Huntemann, M.,
Tremblay, J., Glavina del Rio, T., Waldrop, M.P., Windham-Myers, L., Tringe, S.G.,
2015. Patterns in wetland microbial community composition and functional gene
repertoire associated with methane emissions. mBio 6 (3), e00066-00015. https://
doi.org/10.1128/mBio.00066-15.

Hribljan, J.A., Hough, M., Lilleskov, E.A., Suarez, E., Heckman, K., Planas-Clarke, A.M.,
Chimner, R.A., 2024. Elevation and temperature are strong predictors of long-term
carbon accumulation across tropical andean mountain peatlands. Mitig. Adapt.
Strateg. Glob. Change 29 (1). https://doi.org/10.1007/511027-023-10089-y.

Jauhiainen, J., Page, S.E., H, V., 2016. Greenhouse gas dynamics in degraded and
restored tropical peatlands. Mires Peat 17 (6), 1-12. https://doi.org/10.19189/
MaP.2016.0MB.229.

Kroeger, M.E., Meredith, L.K., Meyer, K.M., Webster, K.D., de Camargo, P.B., de Souza, L.
F., Tsai, S.M., van Haren, J., Saleska, S., Bohannan, B.J.M, Rodrigues, J.L.M.,
Berenguer, E., Barlow, J., Niisslein, K., 2021. Rainforest-to-pasture conversion
stimulates soil methanogenesis across the Brazilian Amazon. SME J. 15 (3),
658-672. https://doi.org/10.1038/5s41396-020-00804-x.

Lafuente, A., Lamit, L.J., Chimner, R.A., Hribljan, J.A., Basiliko, N., Benavides, J.C.,
Lilleskov, E.A., 2023. Data from article: "Drivers of depth-mediated shifts in
methanogen and methanotroph communities among tropical Andean mountain
peatlands". Figshare. https://doi.org/10.6084/m9.figshare.23717607.v1. Dataset.

Lai, D.Y.F., 2009. Methane dynamics in Northern peatlands: a review. Pedosphere 19 (4),
409-421. https://doi.org/10.1016/51002-0160(09)00003-4.

Laiho, R., Penttild, T., Fritze, H., 2017. Reindeer droppings may increase methane
production potential in subarctic wetlands. Soil Biol. Biochem. 113, 260-262.
https://doi.org/10.1016/j.50ilbio.2017.06.017.

Lammel, D.R., Feigl, B.J., Cerri, C.C., Nusslein, K., 2015. Specific microbial gene
abundances and soil parameters contribute to C, N, and greenhouse gas process rates
after land use change in Southern Amazonian soils. Front Microbiol. 6, 1057.
https://doi.org/10.3389/fmicb.2015.01057.

Le Mer, J., Roger, P., 2001. Production, oxidation, emission and consumption of methane
by soils: a review. Eur. J. Soil Biol. 37 (1), 25-50. https://doi.org/10.1016/51164-
5563(01)01067-6.

Legendre, P., Anderson, M.J., 1999. Distance-based redundancy analysis: testing
multispecies responses in multifactorial ecological experiments. Ecol. Monogr. 69
(1), 1-24.

Louca, S., Parfrey, L.W., Doebeli, M., 2016. Decoupling function and taxonomy in the
global ocean microbiome. Science 353 (6305), 1272-1277.

Ma, L., Zhu, G., Chen, B., Zhang, K., Niu, S., Wang, J., Ciais, P., Zuo, H., 2022. A globally
robust relationship between water table decline, subsidence rate, and carbon release
from peatlands. Commun. Earth Environ. 3 (1). https://doi.org/10.1038/543247-
022-00590-8.

Machaca, N.C., Condori, B., Pardo, A.R., Anthelme, F., Meneses, R.I., Weeda, C.E.,
Perotto-Baldivieso, H.L., 2018. Effects of grazing pressure on plant species
composition and water presence on bofedales in the Andes mountain range of
Bolivia. Mires Peat 21, 1-15. https://doi.org/10.19189/MaP.2017.0MB.303.

Marin-Diaz, B., Govers, L.L., Wal, D., Olff, H., Bouma, T.J., 2021. How grazing
management can maximize erosion resistance of salt marshes. J. Appl. Ecol. 58 (7),
1533-1544. https://doi.org/10.1111/1365-2664.13888.

Martin, M., 2011. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet.J. 17, 10-12. https://doi.org/10.14806/¢j.17.1.200.

Matthews, C., Crispie, F., Lewis, E., Reid, M., O’Toole, P.W., Cotter, P.D., 2019. The
rumen microbiome: a crucial consideration when optimising milk and meat
production and nitrogen utilisation efficiency. Gut Microbes, 10. Taylor and Francis
Inc., pp. 115-132. https://doi.org/10.1080/19490976.2018.1505176

McMurdie, P.J., Holmes, S., 2013. Phyloseq: an R package for reproducible interactive
analysis and graphics of microbiome census data. PLoS One 8 (4), e61217. (htt
p://dx.plos.org/10.1371/journal.pone.0061217).

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D.,
Minchin, P.R., O’Hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H.H., Szoecs, E.,
Wagner, H., 2020. vegan: Community Ecology Package. R package version 2.5-7.

https://CRAN.R-project.org/package=vegan).

Patino, S., Hernandez, Y., Plata, C., Dominguez, 1., Daza, M., Oviedo-Ocana, R.,
Buytaert, W., Ochoa-Tocachi, B.F., 2021. Influence of land use on hydro-physical soil
properties of andean paramos and its effect on streamflow buffering. Catena 202.
https://doi.org/10.1016/j.catena.2021.105227.


https://doi.org/10.1111/j.1462-2920.2009.01984.x
http://refhub.elsevier.com/S0031-4056(25)00074-5/sbref2
http://refhub.elsevier.com/S0031-4056(25)00074-5/sbref2
http://refhub.elsevier.com/S0031-4056(25)00074-5/sbref2
https://doi.org/10.1093/femsle/fnab151
https://doi.org/10.3390/plants12040955
https://doi.org/10.7717/peerj.9593
https://doi.org/10.1007/s00248-022-02071-z
https://doi.org/10.1007/s00248-022-02071-z
https://doi.org/10.1139/a02-004
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1016/j.ppees.2016.03.002
https://doi.org/10.1093/femsle/fnaa172
https://doi.org/10.1093/femsle/fnaa172
https://doi.org/10.1111/gcb.12131
https://doi.org/10.1111/gcb.12131
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1657/1523-0430(2007)39[229:Mmocpa]2.0.Co;2
https://doi.org/10.1657/1523-0430(2007)39[229:Mmocpa]2.0.Co;2
https://doi.org/10.1007/s13157-019-01134-1
https://doi.org/10.1111/j.1758-2229.2009.00038.x
https://doi.org/10.1111/j.1758-2229.2009.00038.x
https://doi.org/10.1111/plb.12586
https://doi.org/10.1016/j.ecss.2013.08.021
https://doi.org/10.1126/science.aac7745
https://doi.org/10.1126/science.aac7745
https://doi.org/10.1002/joc.5086
https://doi.org/10.1002/joc.5086
https://doi.org/10.3389/fmicb.2020.00746
https://doi.org/10.3389/fmicb.2020.00746
https://doi.org/10.1111/j.1574-6941.2010.00871.x
https://doi.org/10.1111/j.1574-6941.2010.00871.x
https://doi.org/10.1111/j.1469-8137.2010.03604.x
https://doi.org/10.1016/j.soilbio.2021.108318
https://doi.org/10.1016/j.soilbio.2021.108318
https://doi.org/10.1139/a11-014
https://doi.org/10.1007/s00374-018-1279-4
http://refhub.elsevier.com/S0031-4056(25)00074-5/sbref28
http://refhub.elsevier.com/S0031-4056(25)00074-5/sbref28
https://doi.org/10.1128/mBio.00066-15
https://doi.org/10.1128/mBio.00066-15
https://doi.org/10.1007/s11027-023-10089-y
https://doi.org/10.19189/MaP.2016.OMB.229
https://doi.org/10.19189/MaP.2016.OMB.229
https://doi.org/10.1038/s41396-020-00804-x
https://doi.org/10.6084/m9.figshare.23717607.v1
https://doi.org/10.1016/S1002-0160(09)00003-4
https://doi.org/10.1016/j.soilbio.2017.06.017
https://doi.org/10.3389/fmicb.2015.01057
https://doi.org/10.1016/s1164-5563(01)01067-6
https://doi.org/10.1016/s1164-5563(01)01067-6
http://refhub.elsevier.com/S0031-4056(25)00074-5/sbref38
http://refhub.elsevier.com/S0031-4056(25)00074-5/sbref38
http://refhub.elsevier.com/S0031-4056(25)00074-5/sbref38
http://refhub.elsevier.com/S0031-4056(25)00074-5/sbref39
http://refhub.elsevier.com/S0031-4056(25)00074-5/sbref39
https://doi.org/10.1038/s43247-022-00590-8
https://doi.org/10.1038/s43247-022-00590-8
https://doi.org/10.19189/MaP.2017.OMB.303
https://doi.org/10.1111/1365-2664.13888
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1080/19490976.2018.1505176
http://dx.plos.org/10.1371/journal.pone.0061217
http://dx.plos.org/10.1371/journal.pone.0061217
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1016/j.catena.2021.105227

A. Lafuente et al.

Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V., Thirion, B., Grisel, O.,
Duchesnay, E., 2011. Scikit-learn: machine learning in python. J. Mach. Learn. Res.
12, 2825-2830.

Peltoniemi, K., Laiho, R., Juottonen, H., Bodrossy, L., Kell, D.K., Minkkinen, K.,
Makiranta, P., Mehtatalo, L., Penttild, T., Siljanen, H.M.P., Tuittila, E.-S.,
Tuomivirta, T., Fritze, H., 2016. Responses of methanogenic and methanotrophic
communities to warming in varying moisture regimes of two boreal fens. Soil Biol.
Biochem. 97, 144-156. https://doi.org/10.1016/j.50ilbi0.2016.03.007.

Perryman, C.R., McCalley, C.K., Ernakovich, J.G., Lamit, L.J., Shorter, J.H., Lilleskov, E.,
Varner, R.K., 2022. Microtopography matters: belowground CH, cycling regulated
by differing microbial processes in peatland hummocks and lawns. J. Geophys. Res.:
Biogeosciences 127 (8). https://doi.org/10.1029/2022jg006948.

Planas-Clarke, A.M., Chimner, R.A., Hribljan, J.A., Lilleskov, E.A., Fuentealba, B., 2020.
The effect of water table levels and short-term ditch restoration on mountain
peatland carbon cycling in the Cordillera Blanca, Peru. Wetl. Ecol. Manag. 28 (1),
51-69. https://doi.org/10.1007/5s11273-019-09694-z.

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J.,
Glockner, F.O., 2013. The SILVA ribosomal RNA gene database project: improved
data processing and web-based tools. Nucleic Acids Res. 41 (Database issue),
D590-D596. https://doi.org/10.1093/nar/gks1219.

Radl, V., Gattinger, A., Chronakova, A., Némcova, A., Cuhel, J., Simek, M., Munch, J.C.,
Schloter, M., Elhottova, D., 2007. Effects of cattle husbandry on abundance and
activity of methanogenic archaea in upland soils. SME J. 1 (5), 443-452. https://doi.
org/10.1038/ismej.2007.60.

RCore, T., 2021. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Austria (In).

Rey-Sanchez, C., Bohrer, G., Slater, J., Li, Y.-Fen., Grau-Andrés, R., Hao, Y., Rich, V.I,
Davies, G.M., 2019. The ratio of methanogens to methanotrophs and water-level
dynamics drive methane transfer velocity in a temperate kettle-hole peat bog.
Biogeosciences 16 (16), 3207-3231. https://doi.org/10.5194/bg-16-3207-2019.

Robeson, M.S., 2nd, O’Rourke, D.R., Kaehler, B.D., Ziemski, M., Dillon, M.R., Foster, J.T.,
Bokulich, N.A., 2021. RESCRIPt: reproducible sequence taxonomy reference
database management. PLoS Comput. Biol. 17 (11), e1009581. https://doi.org/
10.1371/journal.pcbi.1009581.

Rodriguez-Echeverria, S., Delgado-Baquerizo, M., Morillo, J.A., Gaxiola, A.,

Manzano, M., Marquet, P.A., Gonzalez, L., Cavieres, L.A., Pugnaire, F.I., Armas, C.,
2021. Azorella cushion plants and aridity are important drivers of soil microbial
communities in Andean ecosystems. Ecosystems 24 (7), 1576-1590. https://doi.org/
10.1007/510021-021-00603-1.

Saarnio, S., Saarinen, T., Vasander, H., Silvola, J., 2000. A moderate increase in the
annual CH4 efflux by raised CO2 or NH4NO3 supply in a boreal oligotrophic mire.
Glob. Change Biol. 6 (2), 137-144.

Salazar, G., 2021. EcolUtils: Utilities for Community Ecology Analysis. R Package Version
0.1. (https://github.com/GuillemSalazar/EcolUtils).

Sanchez, M.E., Chimner, R.A., Hribljan, J.A., Lilleskov, E.A., Sudrez, E., 2017. Carbon
dioxide and methane fluxes in grazed and undisturbed mountain peatlands in the
Ecuadorian Andes. Mires Peat 19 (20), 1-18. https://doi.org/10.19189/MaP.2017.
OMB.277.

Saunois, M., Stavert, A.R., Poulter, B., Bousquet, P., Canadell, J.G., Jackson, R.B.,
Raymond, P.A., Dlugokencky, E.J., Houweling, S., Patra, P.K., Ciais, P., Arora, V.K.,

11

Pedobiologia - Journal of Soil Ecology 113 (2025) 151093

Bastviken, D., Bergamaschi, P., Blake, D.R., Brailsford, G., Bruhwiler, L., Carlson, K.
M., Carrol, M., Zhuang, Q., 2020. The global methane budget 2000-2017. Earth Syst.
Sci. Data 12 (3), 1561-1623. https://doi.org/10.5194/essd-12-1561-2020.

Strack, M., Mwakanyamale, K., Hassanpour Fard, G., Bird, M., Bérubé, V., Rochefort, L.,
2016. Effect of plant functional type on methane dynamics in a restored
minerotrophic peatland. Plant Soil 410 (1-2), 231-246. https://doi.org/10.1007/
$11104-016-2999-6.

Suarez, E., Chimbolema, S., Chimner, R.A, Lilleskov, E.A., 2021. Root biomass and
production by two cushion plant species of tropical high-elevation peatlands in the
andean paramo. Mires Peat 27. https://doi.org/10.19189/MaP.2020.0MB.
StA.2131.

Tate, K.R., 2015. Soil methane oxidation and land-use change — from process to
mitigation. Soil Biol. Biochem. 80, 260-272. https://doi.org/10.1016/].
s0ilbio.2014.10.010.

Too, C.C., Keller, A., Sickel, W., Lee, S.M., Yule, C.M., 2018. Microbial community
structure in a Malaysian tropical peat swamp forest: the influence of tree species and
depth. Front. Microbiol. 9. https://doi.org/10.3389/fmicb.2018.02859.

Turetsky, M.R., Kotowska, A., Bubier, J., Dise, N.B., Crill, P., Hornibrook, E.R.,
Minkkinen, K., Moore, T.R., Myers-Smith, I.H., Nykanen, H., Olefeldt, D., Rinne, J.,
Saarnio, S., Shurpali, N., Tuittila, E.S., Waddington, J.M., White, J.R., Wickland, K.
P., Wilmking, M., 2014. A synthesis of methane emissions from 71 Northern,
temperate, and subtropical wetlands. Glob. Change Biol. 20 (7), 2183-2197. https://
doi.org/10.1111/gcb.12580.

Veber, G., Kull, A., Villa, J.A., Maddison, M., Paal, J., Oja, T., Iturraspe, R., Parn, J.,
Teemusk, A., Mander, U., 2018. Greenhouse gas emissions in natural and managed
peatlands of America: case studies along a latitudinal gradient. Ecol. Eng. 114,
34-45. https://doi.org/10.1016/j.ecoleng.2017.06.068.

Wang, R., Wang, H., Xi, Z., Tuovinen, O.H., Gong, L., Huang, X., 2022. Hydrology driven
vertical distribution of prokaryotes and methane functional groups in a subtropical
peatland. J. Hydrol. 608. https://doi.org/10.1016/j.jhydrol.2022.127592.

Watmough, S., Gilbert-Parkes, S., Basiliko, N., Lamit, L.J., Lilleskov, E.A., Andersen, R.,
Del Aguila-Pasquel, J., Artz, R.E., Benscoter, B.W., Borken, W., Bragazza, L.,
Brandt, S.M., Brauer, S.L., Carson, M.A., Chen, X., Chimner, R.A., Clarkson, B.R.,
Cobb, A.R., Enriquez, A.S., Zahn, G., 2022. Variation in carbon and nitrogen
concentrations among peatland categories at the global scale. PLoS One 17 (11),
€0275149. https://doi.org/10.1371/journal.pone.0275149.

Wen, X., Unger, V., Jurasinski, G., Koebsch, F., Horn, F., Rehder, G., Sachs, T., Zak, D.,
Lischeid, G., Knorr, K.-H., Bottcher, M.E., Winkel, M., Bodelier, P.L.E, Liebner, S.,
2018. Predominance of methanogens over methanotrophs in rewetted fens
characterized by high methane emissions. Biogeosciences 15, 6519-6536. https://
doi.org/10.5194/bg-15-6519-2018.

Whinam, J., Hope, G., 2005. The peatlands of the Australasian region. Stapfia 85,
397-433.

Zhang, Z., Zimmermann, N.E., Stenke, A., Li, X., Hodson, E.L., Zhu, G., Huang, C.,
Poulter, B., 2017. Emerging role of wetland methane emissions in driving 21st
century climate change. Proc. Natl. Acad. Sci. USA 114 (36), 9647-9652. https://
doi.org/10.1073/pnas.1618765114.

Zhou, Z., Pan, J., Wang, F., Gu, J.D., Li, M., 2018. Bathyarchaeota: globally distributed
metabolic generalists in anoxic environments. FEMS Microbiol. Rev. 42 (5),
639-655. https://doi.org/10.1093/femsre/fuy023.


http://refhub.elsevier.com/S0031-4056(25)00074-5/sbref48
http://refhub.elsevier.com/S0031-4056(25)00074-5/sbref48
http://refhub.elsevier.com/S0031-4056(25)00074-5/sbref48
https://doi.org/10.1016/j.soilbio.2016.03.007
https://doi.org/10.1029/2022jg006948
https://doi.org/10.1007/s11273-019-09694-z
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1038/ismej.2007.60
https://doi.org/10.1038/ismej.2007.60
http://refhub.elsevier.com/S0031-4056(25)00074-5/sbref54
http://refhub.elsevier.com/S0031-4056(25)00074-5/sbref54
https://doi.org/10.5194/bg-16-3207-2019
https://doi.org/10.1371/journal.pcbi.1009581
https://doi.org/10.1371/journal.pcbi.1009581
https://doi.org/10.1007/s10021-021-00603-1
https://doi.org/10.1007/s10021-021-00603-1
http://refhub.elsevier.com/S0031-4056(25)00074-5/sbref58
http://refhub.elsevier.com/S0031-4056(25)00074-5/sbref58
http://refhub.elsevier.com/S0031-4056(25)00074-5/sbref58
https://github.com/GuillemSalazar/EcolUtils
https://doi.org/10.19189/MaP.2017.OMB.277
https://doi.org/10.19189/MaP.2017.OMB.277
https://doi.org/10.5194/essd-12-1561-2020
https://doi.org/10.1007/s11104-016-2999-6
https://doi.org/10.1007/s11104-016-2999-6
https://doi.org/10.19189/MaP.2020.OMB.StA.2131
https://doi.org/10.19189/MaP.2020.OMB.StA.2131
https://doi.org/10.1016/j.soilbio.2014.10.010
https://doi.org/10.1016/j.soilbio.2014.10.010
https://doi.org/10.3389/fmicb.2018.02859
https://doi.org/10.1111/gcb.12580
https://doi.org/10.1111/gcb.12580
https://doi.org/10.1016/j.ecoleng.2017.06.068
https://doi.org/10.1016/j.jhydrol.2022.127592
https://doi.org/10.1371/journal.pone.0275149
https://doi.org/10.5194/bg-15-6519-2018
https://doi.org/10.5194/bg-15-6519-2018
http://refhub.elsevier.com/S0031-4056(25)00074-5/sbref71
http://refhub.elsevier.com/S0031-4056(25)00074-5/sbref71
https://doi.org/10.1073/pnas.1618765114
https://doi.org/10.1073/pnas.1618765114
https://doi.org/10.1093/femsre/fuy023

	Variability in depth-mediated shifts in methanogen and methanotroph communities across tropical Andean mountain peatlands
	1 Introduction
	2 Material and methods
	2.1 Study region and sites
	2.2 Field sampling
	2.3 Environmental and peat properties
	2.4 Methanogen and methanotroph communities
	2.5 Statistical analyses

	3 Results
	3.1 Methanogen and methanotroph relative abundance
	3.2 Methanogen and methanotroph community composition
	3.3 Predictors of the Mgen:Mtroph
	3.4 Predictors of the community composition

	4 Discussion
	4.1 Vertical patterns in methanogen relative abundance
	4.2 Vertical patterns of methanotroph relative abundance
	4.3 Vertical patterns of Mgen:Mtroph
	4.4 Methanogen and methanotroph communities

	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	Data availability
	References


