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Abstract
Despite significant contributions of inland lakes to the global methane cycle, we lack a process-based
understanding of what regulates inter-lake variation in methane emissions. Previous comparative work has
identified a potential link between lake primary productivity and methane emissions; also, lab-scale experiments suggest that the addition of algal substrate to anoxic sediments rapidly enhances rates of methanogenesis. This existing work indicates that primary productivity could enhance lake contributions to the global
methane cycle. However, a more systematic investigation of the links between lake primary production,
methanogenesis, and methane emission to the atmosphere is required to quantify the implications of
increased cultural eutrophication for methane evasion from lakes. Using paired measurements of methanogenesis and methane emissions on 16 north temperate lakes, we documented a positive relationship between
lake productivity and sediment methanogenesis rates. However, increased methanogenesis rates did not result
in an increase in diffusive methane emissions. Rather, they generated greater methane storage during summer stratification and enhanced methane emission to the atmosphere via bubbling (ebullition), dependent on site depth.
Ebullition most frequently occurred at sites less than 6 m deep and where methanogenesis rates were high. The relationships between lake productivity, methanogenesis, and depth-dependent ebullition suggests it is likely that shallow, productive lakes contribute significantly more methane to the atmosphere than deep, clear lakes and will
continue to do so in light of the growing prevalence of lake eutrophication.

Freshwater inland lakes contribute significantly to atmospheric methane (CH4; Dean and Gorham 1998; Bastviken et al.
2011). Current estimates of global lake CH4 emissions are 8–103
Tg yr21, which approaches 20% of global natural CH4 emissions
and potentially offsets one-quarter of the continental carbon
sink on a CO2 equivalents basis (Bastviken et al. 2004, 2011;
Walter et al. 2007). Despite the demonstrable importance of
lake-emitted CH4 to global atmospheric concentrations (Bastviken et al. 2011), we lack a quantitative, process-based understanding of what regulates lake sediment methanogenesis and
release of CH4 to the atmosphere. Unfortunately, this gap in
our knowledge leaves few options for predicting how CH4 emissions from lakes, a key climate feedback, will be altered in the
face of pervasive global change, including global warming and
land use conversion.
While we lack a predictive understanding of methane
cycling in small, inland lakes, limnologists and microbiologists have identified the key physical and biological

components of the inland lake methane cycle. Terrestrial- and
aquatic-derived organic matter settles to the lake sediment,
where oxygen is often absent. The settled organic matter is biochemically degraded to the substrates of methanogenesis: acetate, and other volatile fatty acids, or H2 and CO2;
subsequently, methanogenic Archaea reduce acetate or CO2 to
CH4 (Ferry 1993). Sediment temperature, extent of anoxia, and
substrate quantity and quality are all thought to regulate rates
of methanogenesis in lake sediments (Thanh Duc et al. 2010;
West et al. 2015).
Once CH4 is produced in the sediment of a lake it meets
one of two fates: oxidation to CO2 by methanotrophic bacteria or evasion to the atmosphere. Although seasonal storage
of CH4 in the hypolimnion of lakes occurs, upon mixis this
CH4 will quickly be oxidized or diffuse to the atmosphere
(Schubert et al. 2012). The majority of CH4 that diffuses
from sediments with overlying oxic water is quickly oxidized
in the sediment surface (Bastviken et al. 2002, 2008; Eller
et al. 2005). In contrast, CH4 produced in the anoxic hypolimnion of a lake can diffuse toward the lake surface and,
with the exception of limited anoxic methane oxidation,
avoids degradation until reaching the oxycline (Bastviken
et al. 2002, 2008). Because of methanotrophic bacteria, only
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