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Endogeic earthworms lower net methane production
in saturated riparian soils
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Abstract Methane (CH4) emissions from soils are erratic, the
typical pattern being long periods of imperceptible emissions
punctuated by short periods of high CH4 release. These short
peaks are a result of higher gross CH4 production rates
(methanogenesis) relative to gross rates of CH4 consumption
(methanotrophy), and can be induced by rising water table
level and periodic flooding in riparian soils. Soil fauna, spe-
cifically earthworms, affected soil CH4 cycling in some stud-
ies. We studied the effect of the endogeic earthworm
Aporrectodea turgida (Eisen) on CH4 production and con-
sumption activities in saturated and field-moist soils collected
from a riparian area in southern Québec, Canada. Saturated
(100 % water-filled pore space, WFPS) and field-moist soils
(31.5 % WFPS) were incubated at 20 °C, with
difluoromethane added to quantify gross CH4 production
(i.e., methanogenesis activity) and consumption rates (i.e.,
methanogenic activity). The pattern of gross CH4 consump-
tion followed that of gross CH4 production, and net CH4

production was an order of magnitude lower than the gross
rate. Gross rates of CH4 production were 41 to 65 ng CH4

g−1 h−1, gross CH4 consumption rates were estimated to be 37
to 63 ng CH4 g

−1 h−1, and the net CH4 production ranged from
2 to 4 ng CH4 g

−1 h−1. Saturated soils with earthworms had
consistently lower net CH4 production, relative to field-moist

and saturated soils without earthworms. This means that
earthworms could potentially reduce the impact of periodic
flooding on CH4 emissions from riparian soils.
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Introduction

Soil methane (CH4) emissions are often erratic, with long
periods of being undetected punctuated by short periods of
high CH4 release (Le Mer and Roger 2001). These short
periods, or “hot intervals,” occur when gross CH4 production
(methanogenesis) exceeds gross CH4 consumption rates
(methanotrophy). High soil moisture due to periodic flooding
in riparian soils is conducive to hot intervals of CH4 emissions
(Altor and Mitsch 2008; McClain et al. 2003; Vidon et al.
2010) because lower oxygen (O2) concentrations (i.e., lower
redox conditions) favor CH4 production and inhibit CH4

oxidation, in spite of recent evidence that anaerobic CH4

oxidation may be more prevalent in surface soils than previ-
ously thought (Gupta et al. 2013).

Besides soil moisture, net soil CH4 production may be
influenced by biological factors such as plant community
composition (Dias et al. 2010), NH4

+ oxidizing bacteria
(Jiang and Bakken 1999), and soil fauna (Ho et al. 2013).
An example of the latter are earthworms that may affect soil
CH4 emissions both positively (Kammann et al. 2009) and
negatively (Kim et al. 2011), while the underlying mecha-
nisms remain unclear. On the one hand, the earthworm gut and
fresh earthworm casts may stimulate methanogenic activity
(Depkat-Jakob et al. 2012). Alternatively, earthworm burrows
may aerate the soil and favor methanotrophic activity. Hence,
the reported effects of various earthworm species on net CH4

production are site-specific, depending on soil moisture
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conditions and endemic methanogenic or methanotrophic
bacteria (e.g., Kammann et al. 2009; Koubova et al. 2012;
Bradley et al. 2012). In order to gain deeper insight into this
conundrum, we tested the hypothesis that earthworms exac-
erbate CH4 production in riparian soils from southern Québec
(Canada) that are flooded (i.e., 100 % WFPS) compared to
field-moist soils (31.5 %WFPS). Soil samples were incubated
in the presence and absence of difluoromethane (DFM), a gas
that selectively inhibits methanotrophic bacteria (Miller et al.
1998). This allowed us to deduce the relative effects of earth-
worms on gross rates of CH4 production and consumption
simultaneously.

Materials and methods

Aporrectodea turgida is an endogeic species dominating the
earthworm communities in riparian zones of northeastern
North America (Bradley et al. 2011; Costello and Lamberti
2008). Sexually mature specimen of A. turgidawere collected
from an alfalfa field and depurated on moistened tissue paper
at 15 °C for 24 h. Fresh earthworm weights were determined
before and after the experiment. A bulk soil sample was
collected from the top 15 cm along the bank of a riparian
forest near Bedford, Québec (45° 07′ 43″ N, 73° 00′ 21″ W).
This soil belongs to the Suffield clay loam series (ca. 40 %
sand and 16% clay) and is classified as a Humo-Ferric Podzol
(Soil Classification Working Group 1998) with pH 5.9 and
organic C of 24.3 g kg−1 in the 0–15-cm layer.

This experiment simulated a flooding event in riparian soil
by increasing water-filled pore space (WFPS) to 100% lasting
24 h. The experiment used a factorial design with repeated
measures, testing the effects and interactions of two levels of
soil moisture (31.5 vs. 100 % WFPS) and two levels of
earthworm densities (presence vs. absence). The lower mois-
ture content corresponded to soil moisture at the time of
sampling, whereas the higher moisture content simulated a
flooding event lasting 24 h. Experimental units consisted of 1-
L Mason jars to which we added 200 g of non-sieved field-
moist soil, to maintain as much of the original soil structure as
possible. The saturated soil treatment received 50 mL of
distilled water, bringing soil moisture to 100 % WFPS. In
microcosms with earthworms, we placed two adult A. turgida
on the soil surface approximately 1 h before jars were sealed.
Due to lighting in the laboratory, earthworms rapidly
burrowed into the soil before the jars were sealed with lids
equipped with septa. Considering the surface area of the
Mason jars (76-mm dia.), the earthworm population was
equivalent to 440 individuals per square meter, which was
similar to field populations in the riparian forest where the soil
was collected (Kernecker 2013).

Each treatment was replicated 20 times, and 10 empty jars
(controls) were used to assess ambient CH4 concentrations.

Ten replicate jars of each treatment were used to measure net
CH4 production, whereas the other 10 jars of each treatment
were injected with difluoromethane (DFM). More precisely,
jars containing field-moist soil, saturated soil and the blank
controls were injected with 26, 27, and 30 μL DFM, respec-
tively. These quantities provided an effective concentration of
0.04 kPa (±0.01 kPa), which inhibits CH4 oxidation while
ostensibly not affecting CH4 production (Miller et al. 1998).
Methane production in the presence of DFM thus reflected
gross CH4 production rates. Gross CH4 consumption rates
were then calculated as the difference between gross and net
CH4 production rates. All microcosms were then kept at 20 °C
for 24 h, during which aliquots of headspace gas (2 mL) were
sampled with a needle and syringe at 0, 2, 4, 6, 14, 17, 21, and
24 h via septa in microcosms lids. This amount of gas was
chosen to interfere as little as possible with the CH4 and
oxygen concentrations. Methane concentration in these gas
samples were determined using a 450-GC System gas chro-
matograph (Bruker Corp., Bremen, Germany) equipped with
an FID and an oven temperature set at 300 °C.

Gross rates of CH4 production and consumption, and net
rates of CH4 production, were tested for normality using the
Shapiro-Wilk test and log-transformed as necessary. Data
were analyzed by repeated measures ANOVA, testing for
between- and within-subjects effects of earthworms, soil
moisture, and time. Due to significant interactions between
treatments and time, the treatment effects on gross and net
CH4 transformation rates were analyzed within each sampling
time by two-way ANOVA. To test how treatments affected
CH4 rates between individual sampling times, single degree of
freedom orthogonal contrasts were used. Two-way ANOVA
was used to test the cumulative effects of earthworm × soil
moisture interactions on gross and net CH4 transformation
rates over the course of 24 h. Means of the four treatment
combinations were compared with Tukey HSD tests, as ap-
propriate. Analyses were performed using the JMP® (2007)
interface, version 10, of SAS statistical software (Cary, NC).

Results

Soil water content and DFM did not substantially affect earth-
worm survival, as >90 % of earthworms in each treatment
were alive and active after 24 h. Gross CH4 consumption rates
were higher in saturated than in field-moist soils (p=0.039)
(Table 1). Earthworms increased average gross CH4 produc-
tion and consumption rates during the 24-h incubation by
31 % (p=0.002) and 38 % (p=0.004), respectively
(Fig. 1b, c; Table 1). Earthworms increased gross CH4 pro-
duction and consumption rates during the first 6 h of the
incubation. Field-moist soil without earthworms had the low-
est gross CH4 rates at measurement times between 14 and 24 h
(Fig. 1b, c).
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Gross CH4 transformation rates were approximately one
order of magnitude higher than net CH4 production rates
across all treatments (Fig. 1a–c). Net CH4 production was
lower in saturated soil with earthworms (p=0.0127, Table 1;
Fig. 1a) than in all other treatments, at seven of the eight
sampling times (Fig. 1a).

Discussion

Here, gross CH4 transformation rates far exceeded net CH4

transformation rates. This relationship may explain why CH4

emissions are often quite erratic in nature, since a modest
increase or decrease in gross CH4 production relative to gross
CH4 consumption may cause a relatively large change in net
CH4 production. As such, we found that greater gross oxida-
tion relative to gross CH4 production in saturated soils led to
lower net production in the presence of earthworms. This
result underscores the importance of measuring gross rates,
since these provide insight to the net results.

Although DFM has been shown to reduce the activities of
nontarget microbial groups (Miller et al. 1998), we did not
find any literature supporting the idea that DFM was toxic to
soil organisms, including earthworms. We were unable to find
literature regarding the toxicity or disturbance of DFM to soil
organisms, and the identical survival rate of earthworms be-
tween DFM and non-DFM-treated microcosms suggest that it
did not have any notable effect.

The lower net CH4 production rates in saturated soils with
earthworms confirm that methanotrophy stimulated by earth-
worm activity offset the CH4 produced by methanogens in
saturated soils. This phenomenon may be linked to O2 avail-
ability in microsites, some of which are anoxic (for CH4

production) and some of which are oxic (for CH4 oxidation).

We posit that by creating macropores via burrowing and
oxygenating water by moving their posterior ends (Fox and
Taylor 1955), earthworms facilitated the diffusion of O2 to the
surface of their biostructures (e.g., burrow linings and casts)
that serve as favorable anoxic microsites for methanogens.
The CH4 diffusing from the anoxic microsites would be
consumed by active methanotrophs living in a relatively more
O2-rich environment at the surface of biostructures and in
biopores, and consequently, the net CH4 production would
be reduced by earthworms in saturated soils, as observed
(Fig. 1c). Microscale O2 gradients control the balance of
CH4 production and consumption in flooded rice paddy soil
(Reim et al. 2012), and it would appear to be the same
phenomenon in flooded riparian soil. Possibly, CH4 and O2

diffusion was restricted in saturated soils without earthworms
(Yu et al. 2013). Simultaneous CH4 production and consump-
tion in microsites is often invoked as an explanation for soil
CH4 emissions, but should be quantified with O2 microprofile
measurements such as those performed by Reim et al. (2012).

To understand the observed effects of earthworms on net
CH4 production, we consider that earthworm activity can
stimulate the activity of both (a) methanogens, which would
generate more CH4 (Fig. 1b), and (b) methanotrophs, which
would consume more CH4 (Fig. 1c). Earthworms may pro-
duce substrates that are metabolized by methanogens, and
thus stimulate in situ methanogen activity (Depkat-Jakob
et al. 2012). Lowmolecular weight C sources such as formate,
acetate, and methanol are directly metabolized to CH4 by
methanogenic bacteria and archaea (Whitman et al. 2006).
In the lumbricid earthworms Aporrectodea caliginosa,
Allolobophora chlorotica, Lumbricus rubellus, and
Lumbricus terrestris, the gut contains byproducts of anaerobic
metabolism, including formate and acetate (Horn et al. 2003).
Earthworms possibly provided these substrates to

Table 1 Repeated measures analysis of variance testing the overall effect of earthworms (EW) and soil moisture (M) (i.e., between subjects affects), as
well as their interactions with time (T) (i.e., within subjects effects), on gross and net CH4 transformation rates (ng CH4 g

−1 h−1)

Gross CH4 production Gross CH4 consumption Net CH4 production

f value P value f value P value f value P value

Between subjects

Model 5.39 0.004** 4.98 0.005** 8.27 0.0004**

EW 11.42 0.002** 9.60 0.004** 1.42 0.0192*

M 3.61 0.065 4.58 0.039* 20.93 0.0025*

EW × M 1.15 0.290 0.76 0.387 2.47 0.0127*

Within subjects

Time (T) 203.60 <0.001*** 165.68 <0.001*** 7.16 <0.001***

EW × T 10.56 <0.001*** 5.25 0.002** 0.72 0.1068

M × T 1.22 0.305 2.07 0.104 4.76 <0.0001***

EW × M × T 5.87 <0.001*** 5.33 <0.001*** 2.31 0.0409*

Significance levels are denoted *p<0.05; **p<0.01; ***p<0.001
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methanogens, leading to higher CH4 concentrations that in
turn could have stimulated methanotrophy (Chan and Parkin
2001), resulting in lower net CH4 emissions from saturated
soils with earthworms.

Conclusions

The mechanisms we propose to explain the direct and indirect
effects of earthworms on methanogenesis and methanotrophy

Fig. 1 Mean CH4 rates over 24 h
(n=10). a Mean rates of net CH4

production, asterisk indicate
significant EW × M interaction
effects based on two-way
ANOVA (p<0.05). b Mean rates
of gross CH4 production over
24 h, asterisk indicate significant
EW × M interaction effects based
on two-way ANOVA (p<0.05). c
Mean rates of estimated gross
CH4 consumption over 24 h,
asterisk indicate significant EW ×
M interaction effects based on
two-way ANOVA (p<0.05)
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provide a framework for further investigation. While we do
not claim to go beyond the scope of our study, we do suggest
that earthworms are responsible for changing the oxic-anoxic
gradient in saturated soils, which is important for CH4 dynam-
ics in riparian buffer soils.
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