Chapter 5 )
Methane and Biogenic Volatile Organic s
Compound Emissions in Eastern Siberia

Jacobus van Huissteden

5.1 Introduction

Several landmark publications on CH, originate from data collected in Eastern
Siberia (Walter et al. 2006, 2007a, b; Shakhova and Semiletov 2007; Rivkina
et al. 2007; Zimov et al. 2006). These have put the spotlight on CH,4 emissions
from thawing permafrost as a feedback that accelerates global warming (Schuur et al.
2008). Most of Eastern Siberia has not been glaciated during the Late Pleistocene
(e.g. Zimov et al. 2006 and references therein), which allowed the accumulation of
successions of ice-rich sediment under cold glacial conditions, known as ‘Yedoma’
(Schirrmeister et al. 2008, 2013). These deposits are highly vulnerable to thawing of
permafrost, causing subsidence and ponding of water followed by increased CH,
formation (Walter et al. 2006).

A recent review publication (Schuur et al. 2015) concluded that greenhouse gas
(GHG) emissions from permafrost soils are unlikely to provoke abrupt climate
change. They assume that release is gradual over decades and centuries, rather
than showing large and rapid pulse emissions, and estimate these emissions are
13-17% of global fossil fuel emissions. Furthermore, it is uncertain how these
greenhouse gas emissions are partitioned between CO, and CHy4. Incubation exper-
iments suggest a more important role for CO, than for CH, because of the much
more rapid aerobic decomposition versus anaerobic decomposition, although the
ultimate effect depends on landscape changes (Schidel et al. 2016).

However, this does not dismiss the importance of CHy. First, its radiative
contribution to climate change has been upgraded. The 100 year global warming
potential of CH4 was revised upwards from 23 (Houghton et al. 2001) to 34 (Stocker
et al. 2013) in the IPCC reports. Second, a renewed rise of atmospheric CH,
concentration has started in 2007. The factors that contributed to this renewed rise
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remain unclear (Kirschke et al. 2013; Bergamaschi et al. 2013; Houweling et al.
2014). Worden et al. (2017) infer a net emission increase for both fossil fuel
(£50-75% of total increase) and biogenic sources (including wetlands and agricul-
ture) to reconcile isotope and atmospheric chemistry data with strength of sources.
Model inversion by Bruhwiler et al. (2014) did not find an increase in CH,4 emission
in the Arctic, but report large year-to-year variability. Third, there is high uncertainty
in the emissions, and surprises cannot be ruled out (Schuur et al. 2015; Schédel et al.
2016).

Various CH,4 sources can be distinguished using isotopic signatures of the
sources and atmospheric modelling (e.g. Worden et al. 2017; Thonat et al. 2017).
Based on atmospheric modelling of CH, data collected at stations in Siberia and
other Arctic sites, Thonat et al. (2017) conclude that CH, emissions from Eastern
Siberia originate largely from terrestrial wetlands and freshwater sources in summer,
while winter sources are dominated by marine, geologic, and anthropogenic (largely
fossil fuel industry) emissions. At the East Siberian stations Tiksi and Cherskii,
wetlands and freshwater sources dominate contributions to the concentration of CH,
with resp. 68% and 82% from May to November; in winter these fall to 8% and
11%. The oceanic emissions from the East Siberian Arctic shelf at these stations are
relatively high compared to other Arctic stations, with 17% and 11% in summer and
44% and 41% in winter. Anthropogenic emissions are modest and contribute resp.
25% and 23% in winter and 6% and 3% in summer, due to relatively minor East
Siberian fossil fuel activities compared to West Siberia. Emissions from biomass
burning are small, 1-2% in summer and 3-6% in winter. Geologic sources
consisting of gas seepage at both sites contribute 24% in winter and 3-7% in
summer (Thonat et al. 2017).

This chapter reviews these terrestrial sources and processes of CH, emission,
with emphasis on research in Eastern Siberia (Yakutia and eastern provinces of
Russia), but where necessary, reference to research in other parts of Siberia or other
cold-climate areas will be made. The review will be process- and data-oriented and
will focus on the CH,4 emissions from terrestrial environment in relation to the total
greenhouse gas (GHG) budget of ecosystems; marine sources of CH, are not
included; also CH,4 emission from wildfires or fossil fuel extraction is excluded.
Three types of terrestrial biosphere CH,4 sources can be distinguished and will guide
the discussion in this article (Fig. 5.1).

The ecosystem CH, source consists of wetlands, ponds, and lakes which are
sources of CH,4, where the CH,4 carbon is largely derived from recent photosynthesis
products of the ecosystem, although older soil carbon may be included. It is the
balance of CO, uptake by vegetation and emission of CH, that matters whether
ecosystems are net sources or sinks of greenhouse gases (Van der Molen et al. 2007;
Walther-Anthony et al. 2014). Neither can ecosystem CH, be isolated from the
nutrient cycle as discussed below.

The old-carbon CHy source in soil and sedimentary deposits may become
available for methanogenesis by thaw of permafrost (e.g. Walter et al. 2006).
Liberation of old carbon (fossil C of Holocene and Pleistocene age) contributes
the strength of the permafrost carbon feedback, although part of its reworking may
be the result of normal ecosystem processes.
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Fig. 5.1 Methane sources from permafrost: ecosystem source, old (fossil, Pleistocene) carbon
source, and deep CH, sources from intra- and sub-permafrost gas and hydrate reservoirs

The deep CH, source is CH, stored in the deeper subsoil as gas hydrates or
pressurized gas at tens to hundreds of metres depth is a third potential source (Rivkina
etal. 2007; Kraev et al. 2012; Archer 2007). On the land surface, this may be liberated
on deeper thaw of permafrost beneath lakes (e.g. Walter et al. 2007a, b) or, as recently
observed in West Siberia, by eruptive emission (Leibman et al. 2016). These geo-
logical emissions may be triggered by climate change. Also in Eastern Siberia, this
potential source is present (Rivkina et al. 2007; Kraev et al. 2012).

Besides CH4, other volatile organic compounds originate from East Siberian
ecosystems. Both forests and tundras are an important source of biogenic volatile
organic compounds (BVOCs), emitted by plants during growth. BVOCs interact
with CHy: they compete with CH, for oxidation by the OH radical and therefore
influence the lifetime of CH4 (O’Connor et al. 2010, Thonat et al. 2017). Although
the interactions of BVOC with CO,, CHy, and aerosols are complex (Arneth et al.
2016), emission of BVOCs may increase with climate warming (e.g. Kramshgj et al.
2016) and need to be considered in the interaction of ecosystems with climate.

5.2 The Ecosystem CH,4 Source
5.2.1 Data Uncertainty

Because of the challenging field research conditions, the spatial density of observa-
tions on terrestrial CH, fluxes is low in Eastern Siberia. Full winter season data —
crucial for a full understanding of the CH,; budget of permafrost ecosystems
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(e.g. Mastepanov et al. 2008; Zona et al. 2016) — have been published only very
recently for Eastern Siberia (Kittler et al. 2017). Sources of data uncertainty arise
from differences of spatial scale of measurement methods (e.g. eddy
covariance vs. chamber flux measurements), data gaps, and data processing. Eddy
covariance data processing and gap filling for CH, is still a developing field (Wille
et al. 2008; Parmentier et al. 2011Db).

For assessing the spatial variability of fluxes from eddy covariance with a
footprint typically in the order of tens to hundreds of metres across, a statistical
footprint model is necessary to relate CH, sources to spatial variability of wetlands
(Parmentier et al. 2011b; Budishchev et al. 2014). Chamber flux measurements can
exactly pinpoint small-scale spatial variability but need many replicates for reliable
flux estimation and are vulnerable to disturbance of the measurements (Sachs et al.
2008a, b; Kutzbach et al. 2004, 2007).

Data cited (e.g. in Table 5.1) are the data as presented by respective authors.
Because data are reported in a wide range of units (fluxes in moles, units of mass,
carbon mass flux, and with varying time scales), all fluxes have been converted to
mg CH, m 2 h™! for comparison purposes.

5.2.2 Processes

Water table and temperature, controlling the presence of anaerobic environments and
reaction rate, are the most important drivers for CH, emission from wetlands
(Turetsky et al. 2014). Permafrost impedes subsurface drainage by the presence of
impervious frozen subsoils, while microrelief may impede surface runoff (Kutzbach
et al. 2004). However, soil biogeochemistry and transport mechanisms of CH, from
soil or water to atmosphere contribute to high spatial variability.

The ecosystem CHy source is CH4 mostly driven by recently photosynthesized,
labile organic material, released from the plant root system (Strom et al. 2003).
Photosynthesis products can be transferred into CH, in a matter of hours as shown by
14C-labelling experiments (King et al. 2002; Strém et al. 2003), and as a result a
small percentage (2-3%) of the primary production of wetland ecosystems is
returned to the atmosphere as CH,4 (King et al. 2002; Christensen et al. 2003; Wagner
and Liebner 2009). The environment needs not be strictly anaerobic as shown by
recent research; methanogens in anaerobic microsites in otherwise oxygenated soil
may contribute to CH,4 production (Angle et al. 2017).

Methanogens prefer small and simple molecules which are usually end products
of the metabolism of other microbes, e.g. iron reducers. The mineralization of
organic matter under anaerobic conditions is performed by a chain of specialized
microorganisms, with as intermediate products hydrogen, carbon dioxide, and
acetate (Metje and Frenzel 2007; Wagner and Liebner 2009; Fig. 5.2). The two
most well-known processes of bacterial methanogenesis are the acetoclastic path-
way, using methyl groups of acetate and similar compounds, and CO, reduction
(hydrogenotrophy), producing equal amounts of CO, and CH,4 (e.g. Sugimoto and
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Table 5.1 Representative CH,4 emission and uptake in various terrestrial wetland environments in

Siberia
References | Vegetation/microrelief CH, flux mg m > h~!
1 Dry floodplain levee, Salix brush —0.04 £0.04
1 Dry floodplain, grasses 1.3 +1.8
1 Floodplain wetland, Arctophila fulva grass and mosses 37.0 £5.3
1 Floodplain wetland, Carex, Eriophorum, grasses 12.6 +10.1
1 Dry tundra, Betula nana, mosses, lichens —0.22 +0.34
1 Dry tundra, Eriophorum tussocks —0.09 £0.05
1 Dry tundra, grasses 0.71 £ 1.1
1 Tundra wetland, usually inundated, Carex, Eriophorum 8.0 £3.0
1 Tundra wetland, Sphagnum hummocks 2.0+£1.7
1 Tundra wetland, inundated polygon pond with Sphagnum | 4.0 1.9
Or mosses
1 Ice wedge thaw pond 4.4 +2.8
2 Polygon centres with mosses +4.2%
(Scorpidium, Drepanocladus, Carex)
2 Polygon rim <0.42%*
3 Polygon centre, mosses, Carex aquatilis, and other vas- 1.2 2%
cular plants
3 Polygon rim, species-rich 0.18 £0.03*
4 Floodplain with Carex appendiculata tussocks 8.2 +£3.4*
5 Floodplain with Carex appendiculata tussocks 13.8+7.0%*
6 Mesotrophic fen in Larch forest, Molinea tussocks 13+1.7
6 Eutrophic lake bank, grasses 11.9 £15.5
6 Moist forest floor, water table 10-27 cm below surface, —0.26+0.45
Betula
6 Dry forest floor, Larix and Pinus with shrub and lichen —0.37 +0.47
understory
7 Mineral forest soil, no permafrost, Betula/Picea/Larix, —0.06-0*
shrub understory
7 Mineral forest soil with permatrost —0.04-0%*
7 Peat plateau, permafrost, Betula nana, Ledum palustre, —0.025-0*
Sphagnum, mosses
7 Permafrost thaw pond 12 and larger

References: 1.

Van Huissteden et al. (2009), 2. Sachs et al. (2008a, b), 3.

Kutzbach et al. (2004),

4. Corradi et al. (2005), 5. Kwon et al. (2017), 6. Van Huissteden et al. (2008), Corradi et al. (2005)
and 7. Flessa et al. (2008). Stars (*) mark values that have been recalculated to mg m2h7h
negative values represent uptake from the atmosphere into the soils

Wada 1993; Corbett et al. 2015). Additionally, there is evidence that various other
methylated substrates are being used for methanogenesis in wetland soils (Zalman
et al. 2018). It has been assumed that CO, reduction is the main process in high-
latitude wetlands (Hines et al. 2001) since acetate accumulates over the season in
these soils. However, Strom et al. (2003, 2015) and Metje and Frenzel (2007) have
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Fig. 5.2 Biochemical processes involved in CH, formation and oxidation in soil environments
with varying water table and vegetation (non-vascular mosses without root system vs. vascular
plants). Indicated processes are photosynthesis and transfer of organic compounds (CH,O) to the
soil, methanogenesis pathways, CH, oxidation by methanotrophy including N fixation
(methanotrophy in mosses), transfer of O, to the soil, and anaerobic fermentation by Fe reduction
producing substrate for methanogens, including recycling of Fe?* to Fe** by oxidation (similar
anaerobic reduction involves Mn, not shown here). SOM soil organic matter, DOC dissolved
organic carbon

shown that acetate is a major substrate in high-latitude wetland soils, although CO,
reduction remains locally important (Vaughn et al. 2016).

Despite the extreme climatic conditions in East Siberian permafrost soils, the
abundance and composition of the methanogenic bacterial population is similar to
that of temperate wetland soils (Wagner and Liebner 2009), although a distinct
vertical zonation is found in permafrost, with more psychrophilic archaea at depth
in the soil, close to the permafrost table. Activity of psychrophilic methanogenic
archaea has been recorded at subzero temperatures (Rivkina et al. 2000).

The surface CH, flux from wetland soils is determined by the balance between
CH, production by methanogens and its consumption by oxidation and bacterial
methanotrophy (Wagner and Liebner 2009). In high Arctic areas with drier soils, the
soil CH, sink dominates (Jgrgenson et al. 2014). Also taiga forest soils in Siberia,
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Fig. 5.3 Conceptual diagram of interactions between plants, substrate supply for methanogenesis,
methanotrophy, and methane transport pathways in various lake and wetland environments in
permafrost areas, from lake to dry soil. The main locations of methane formation and
methanotrophy are indicated with stars

dry tundra soils and dry peat soils on peat plateaus are a significant sink of CHy
(Morishita et al. 2003; Van Huissteden et al. 2005, 2008, 2009; Flessa et al. 2008).

In soils, several groups of prokaryotes oxidize CH, for carbon assimilation
(e.g. Frenzel and Karofeld 2000; Wagner and Liebner 2009). Methanotrophic
bacteria have a loose symbiosis with Sphagnum species (Raghoebarsing et al.
2006; Kip et al. 2010) and submerged brown mosses (Liebner et al. 2011). CO,
from methanotrophy may account for up to 30% of carbon uptake of mosses
(Larmola et al. 2010). Rates of this soil and moss-related methanotrophy have
shown to be very high in East Siberian tundra environments (Knoblauch et al.
2008; Kip et al. 2010). Methanotrophy in brown mosses decreases the CH,4 emission
from polygon ponds by at least 5% (Liebner et al. 2011); Knoblauch et al. (2015)
found that 61-99% of produced CH, was consumed in submerged Scorpidium
scorpioides moss. Symbiotic methanotrophs in Sphagnum contribute strongly to
N, fixation in ombrotrophic peat bogs and are therefore related to the N cycle of
peatlands (Vile et al. 2014; Larmola et al. 2014).

CHy, is transported from soil and water bottom to the atmosphere by bubbles
(ebullition), diffusion, and transport through plants (Fig. 5.3). The physical transport
mechanisms of ebullition and diffusion depend on weather conditions. Ebullition
fluxes can be triggered by air pressure variation (Sachs et al. 2008a, b; Kwon et al.
2017) and near-surface turbulence and atmospheric stability (Wille et al. 2008 and
Parmentier et al. 2011b); higher turbulence and unstable conditions result in higher
fluxes.

Vegetation has a strong and complicated effect on ecosystem CH, fluxes
(Figs. 5.2 and 5.3). Aerenchyma in wetland plants transport CH, to the atmosphere;
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the plant-mediated transport lies between 30% and 100% of the CH, flux and is
species-dependent: graminoids transport more methane (+80%) than forbs (+60%)
(Bhullar et al. 2013). In ponds in Northern Siberia, plant-mediated transport of CH4
by emergent vegetation amounted between 70% and 90% of the total CH, flux
(Kutzbach et al. 2004). However, the main function of aerenchyma is the transport of
oxygen to the anoxic root zone. A part of this oxygen contributes to oxidation of CH,
in the rhizosphere. On the other hand, this oxygen also regenerates alternative
electron acceptors, such as Fe oxides, contributing to the anaerobic organic matter
decomposition that produces the substrates for methanogens. The complex interplay
between exudation of methanogenic substrate by roots, oxidation of CH, in the
rhizosphere and transport of CH, is species-specific: Carex rostrata had higher CH,
emissions due to lower CH,4 oxidation than Eriophorum vaginatum and Juncus
effusus (Strom et al. 2005).

In lakes, a similar balance between CH, production and oxidation is found. In
deeper lakes, bottom waters may be anoxic due to thermal stratification, which
impedes the exchange of gases other than by slow diffusion. These deeper, anoxic
bottom layers of the lakes (the hypolimnion) are the main CH,4 production zone.
However, shallower, epilimnetic zones may emit more to the atmosphere. In these
shallower zones, turbulence enhances CH, transport to the atmosphere, bypassing
oxidation. In the littoral zone with emergent plants, plant transport in emergent water
plants also contributes (Bastviken et al. 2008). The proportion of produced CH, that
is oxidized in sediments and water column may amount 30-99% and includes
anaerobic CH, oxidation (e.g. Deutzmann et al. 2014). The oxidation of CHy4
contributes carbon to the food web in lakes, influencing its carbon isotopic signature
(Bastviken et al. 2003).

In deeper lakes CH, is stored in anoxic bottom water, which is released when the
stratification is overturned seasonally. Turbulence also enhances the exchange of
CH, from the bottom sediment to the water column (Bastviken et al. 2008). In many
lakes the main transport pathway of CH,4 to the surface is ebullition (Bastviken et al.
2008). This is facilitated by energy input into the lake, as relations have been found
with ice-free period, incoming shortwave radiation and water/sediment temperature
(Wik et al. 2014).

5.2.3 Terrestrial Ecosystems: Spatial and Seasonal Variation

Table 5.1 shows studies of CH, fluxes in Eastern Siberia (Christensen et al. 1995;
Nakano et al. 2000; Wagner et al. 2003; Kutzbach et al. 2004; Corradi et al. 2005;
Van der Molen et al. 2007; Van Huissteden et al. 2005, 2008, 2009; Flessa et al.
2008; Sachs et al. 2008a, b; Takakai et al. 2008; Parmentier et al. 201 1b; Budishchev
et al. 2014). All these papers show significant variation of fluxes between vegetation
types, including vegetation with similar water table (e.g. Van Huissteden et al.
2009). Large differences are shown between graminoid and moss-dominated
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vegetations, where methanotrophy in mosses may play a role (e.g. Parmentier et al.
2011a).

Van Huissteden et al. (2005, 2008, 2009) found higher emissions in eutrophic
environments compared to mesotrophic and oligotrophic environments: differences
between a mesotrophic flooded fen and a nearby eutrophic lake and between
mesotrophic sedge vegetations and sedge vegetations on a nutrient-rich river flood-
plain. Similar high fluxes on a floodplain were observed by Corradi et al. (2005).
Floodplains, with a supply of additional nutrients by spring snowmelt flooding, are
an overlooked strong source of ecosystem CH, (Table 5.1).

Microrelief (ice wedge polygons) created by the presence of permafrost also
results in spatial variation of CH4 fluxes (Fig. 5.4). This microrelief effect has been
the subject of several studies in Eastern Siberia (Wagner et al. 2003; Kutzbach et al.
2004; Knoblauch et al. 2015). Ponded water is often present in the poorly drained
centres of polygons (low-centred polygons) or troughs above (thawing) ice wedges.
Other forms of microrelief have been described by Van Huissteden et al. (2005) and
Berritella et al. (2017): a pattern of flat elongated ridges dominated by dwarf birch

Fig. 5.4 Two types of microrelief that influence wetland characteristics in the Siberian north. A:
polygonal ice wedge network, with low-centred polygons with central ponds. Left: view from the
surface. Right: view from above at the same location (GeoEye panchromatic satellite image). B:
peat mound — sedge meadow relief with Betula nana-covered peat mounds (dark patches.) Below
right: view from above, air-photo, same location. The sedge meadows serve partly as drainage
channels. Kytalyk tundra research station, near Chokurdagh, Indigirka lowlands, Northeast Siberia
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(Betula nana) separated by shallow, densely vegetated (Carex and Eriophorum spp.)
drainage channels. The ridges — resembling palsas — are a sink of CH,.

At least three variables determine the spatial variability of CH, fluxes in East
Siberian ecosystems: water table/microrelief, vegetation characteristics, and
eutrophic-ombrotrophic gradients. Comparing summer fluxes in various ecosystem
settings (Table 5.1), the following pattern with respect to vegetation emerges.
Graminoid wetland vegetations with high water table, usually dominated by Carex
and Eriophorum spp. and grasses like Arctophila fulva, show the highest fluxes.
Eutrophic wetlands in floodplains and agriculturally used meadows are the strongest
emitters of CH4. Meso- and oligotrophic sites show lower fluxes with otherwise
similar water table conditions. Thaw ponds formed by ground ice thaw show similar
fluxes as the eutrophic graminoid vegetations. Stable ice wedge polygon centre
ponds generally show lower fluxes than fresh thaw ponds. Sphagnum-rich and
other mosses-rich ecosystems show the lowest fluxes. Dry environments, in partic-
ular on peat plateaus, palsas, and polygon rims, are a sink of CHy4. Also forests are
sinks of CH,, even when the water table is relatively high. However, forested
wetlands are poorly represented in the data, and CH, fluxes through tree trunks
(Gauci et al. 2010) never have been measured in Siberia.

Seasonal variation of emissions largely follows the growing season (Wille et al.
2008; Sachs et al. 2008b; Kwon et al. 2017). Also daily flux variation driven by soil
temperature has been observed (Nakano et al. 2000). In permafrost environments
high CH, emissions may occur in autumn and winter (Mastepanov et al. 2008, 2013)
that even may surpass that of the growing season (Zona et al. 2016). Most of these
emissions occur during soil freezing, when the soil remains for a long period at the
freezing point (‘zero curtain’) due to the effect of latent heat of soil water. These
fluxes are attributed to physical expulsion of stored soil CH, by freezing
(Mastepanov et al. 2008, 2013) and ongoing bacterial activity at subzero tempera-
tures (Zona et al. 2016).

The high autumn CH, fluxes are also observed in Eastern Siberia. Eddy covari-
ance data by Wille et al. (2008) in the Lena Delta extending into October show
erratic higher fluxes comparable to the highest summer emissions. Kwon et al.
(2017) and Kittler et al. (2017) observed high fluxes in October—November in the
Kolyma floodplain. These fluxes contribute 23% to the total annual flux and
correlated with drops in air pressure. This is confirmed by the model inversions of
Thonat et al. (2017). The high winter emissions show the urgency of all-season CH,
flux observations in permafrost environments (Kittler et al. 2017).

Van der Molen et al. (2007) concluded that the tundra in the Indigirka lowlands is
a net sink of greenhouse gases in summer. However, lack of autumn and winter data
hampers construction of a year-round GHG budget including CH, at several sites.
Wille et al. (2008) concluded that the tundra in the Lena Delta is a small source of
greenhouse gases, because radiative forcing from CH,4 emission exceeds the effect of
ecosystem CO, uptake over the year. A river floodplain near Cherskii was in summer
a net source of greenhouse gases (CO, + CHy) of 4754253 g C-CO,-equivalent m >
because of the high CH,4 flux (Merbold et al. 2009); also the more recent data from
this site indicate a small net source (Kwon et al. 2017; Kittler et al. 2017).
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5.2.4 The Ecosystem CH  Source in Ponds and Lakes

Alas lakes (thaw or thermokarst lakes) and ponds produced by thawing of ice-rich
permafrost are of widespread occurrence in Siberia (Brouchkov et al. 2004; Grosse
et al. 2013) and have attracted attention as CH, sources (Nakagawa et al. 2002;
Walter et al. 2006, 2007a, b). The global northern latitude lake area is at least twice
higher in permafrost regions than in non-permafrost regions (Grosse et al. 2013).

The lake sediment temperature beneath the maximum ice thickness remains
above zero, permitting continuous methanogenesis. In high northern latitudes, lake
ice thickness may reach over 2 m (Duguay et al. 2003). With ongoing ebullition of
CH,4 from the sediment in winter, the lake ice becomes a large store of CH, frozen in
bubbles in the ice (Zimov et al. 1997; Walter et al. 2006; Wik et al. 2011). Walter
et al. (2006) make a distinction between low rate background ebullition, point
sources, and hotspots with larger bubble plumes. Winter ebullition has been esti-
mated by counting and sampling various type of bubble clusters (Walter et al. 2006),
resulting in a 10-63% higher estimate of northern wetland CH4 emission. However,
quantification of ebullition emissions using bubble counting on ice has large uncer-
tainties (Wik et al. 2011), and the CH, trapped in lake ice may be subject to
microbial oxidation (Walter et al. 2008). Based on extrapolation from East Siberian
and Alaskan lakes, Walter et al. (2007a, b) estimate the CH, emission of lakes in
permafrost areas (total area 396.200 km?) at 19.2+6.7 Tg CH, year .

The background ebullition shows an isotopic signature (5'°C, 8D, '*C age of CH,)
that indicates approximately equal contributions from acetate and CO, reduction and a
young age, representing decomposition of young organic material in surface sediments
(Walter et al. 2008). CH,4 from point sources was much older than CH, derived from
background ebullition, and the isotope fraction of C and H stable isotopes indicated
CH,4 generated by the CO, reduction pathway (Walter et al. 2007a). The apparent ages
of hotspot CH, in Siberian lakes ranged between 35.3 and 42.9 kyr BP, suggesting
sources deep in the thawed Pleistocene deposits below the lakes. Point source CH, was
younger but still ranging between 5.6 and 22.1 kyr BP, while surface sediment and
background ebullition CH,4 had ages of Holocene to recent age.

Nakagawa et al. (2002) studied alases (thaw lake and wetland complexes) near
Yakutsk. '“C data of CH, from smaller alases indicated a modern origin, while that of
larger alases was older, indicating a larger proportion of fresh organic matter supplied
from the banks in smaller alases. The hotspot CH, of Walter et al. (2007a, b) is
considerably older than the CH, from more southerly alases described by Nakagawa
et al. (2002). Alas lakes in Central Yakutia behave differently compared to their
northern counterparts. Water table and lake size vary stronger, shrinking during
summer. Alases have a grass cover at low water table, often used as meadow or
hay pasture. Morishita et al. (2003) and Takakai et al. (2008) report high CH4
emissions from an alas pond and the frequently flooded grasslands surrounding the
pond. Takakai et al. (2008) report fluxes from 5.7 to 54.6 mg m 2 h™' from flooded
grasslands, which considerably decreased after the sites dried out. In the pond the
fluxes varied strongly with water temperature, ranging from 1.3 to 146.7 mgm 2h™".
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Thawing of lake ice in spring releases the stored CH,4 from the ice; however, data
have not been published for Eastern Siberia. In a lake in Northern Sweden, 53% of
the annual emission of CH,4 was released in spring (Jammet et al. 2015).

Small lakes and ponds dominate the lowlands of Siberia rather than large lakes
(Grosse et al. 2008). Although small lakes and ponds may freeze to the bottom, the
thermal effect of the presence of a water body results in prolonged above-zero
temperatures. Langer et al. (2015) quantified CH, stored in pond ice in the Lena
Delta. Winter emissions ranged between 0.01 and 5.8 mg m > day'. Sachs et al.
(2010) measured summer fluxes in polygon ponds ranging on average between
78 and 100 mg m~ > day .

Although thaw lakes are sources of CHy, the net long-term effect may be still be a
greenhouse gas sink due to carbon accumulation. Walter Anthony et al. (2014)
assessed the carbon accumulation in 49 Holocene lake infill successions (including
East Siberian lakes) in thaw lakes dating from the Last Glacial Termination and
Early Holocene. The thaw lakes switched from a net radiative source from CH,
emission to a sink by greenhouse gas uptake about 5000 years ago.

5.3 Old Soil Carbon as a Source of CH,

Old soil carbon may become an increasing source of carbon for the ecosystem
respiration upon warming of the permafrost in Eastern Siberia. Estimates of the
soil carbon stocks in the Arctic are improving (Tarnocai et al. 2009; Strauss et al.
2013; Hugelius et al. 2014). Older, frozen soil carbon becomes available for
decomposition by gradual increase of active layer thickness (ALT) or by rapid
geomorphological processes such as erosion and pond formation (Van Huissteden
and Dolman 2012).

To be available for methanogenesis, older soil carbon should contain labile
organic compounds or needs to be converted into labile compounds. Zimov et al.
(1997, 2006) were the first to draw attention to the labile nature of carbon in
Pleistocene Yedoma (Ice Complex) deposits in Eastern Siberia. A survey of the
carbon content of quaternary deposits in Northeast Siberia by Schirrmeister et al.
(2011) shows that the superficial Pleistocene Yedoma deposits date mostly from the
Last Glacial and consist of cold-climate fluvial and loessic sediments with large,
syngenetic ice wedges. The ice content varies between 22 and 59 weight %
(or roughly 50-80 volume %), and average total organic carbon (TOC) content
varies between 1% and 5%. Holocene deposits (thaw lake infills and fluvial deposits)
are equally ice-rich but have a somewhat higher TOC, ranging between 5% and 11%
on average. Cold climatic conditions during deposition are assumed to have con-
tributed to the preservation of labile compounds. C/N ratios (ranging between 0.03
and 38.4) and 8'°C values (—31.0-23.4%o) confirm the poorly decomposed and
labile nature of the organic matter in the Yedoma deposits. It contains hardly
Sphagnum peat and consists mostly of graminoid plant material which is more labile



5 Methane and Biogenic Volatile Organic Compound Emissions in Eastern Siberia 113

(Schirrmeister et al. 2008, 2011). Recent incubation data of permafrost carbon from
Yedoma deposits further confirms the very high lability of this organic matter store
(Vonk et al. 2013).

However, Ganzert et al. (2007) and Hershey et al. (2013) showed that CH,
production in sediment in East Siberian soils and in a small lake are substrate-
limited. This suggests that despite the high lability of Arctic soil carbon, further
biochemical transformations of the organic matter are needed and still limit
methanogenesis (Metje and Frenzel 2007). Incubation experiments along a gradient
of progressive thaw of permafrost in Swedish and Canadian bogs have shown that as
thaw progresses, the lability of the thawed-out peat increases over the years,
resulting in a larger CH,4 production and a shift from hydrogenotrophic to
acetoclastic methanogenesis (Corbett et al. 2015; Hodgkins et al. 2014).

5.4 Deep Permafrost CH4 Sources

Permafrost thaw may activate geologic seeps of CH4 from '*C-depleted deeper
geologic reservoirs (Walter Anthony et al. 2012). Occurrences of deep gas seeps
in Eastern Siberia are unknown, but there is abundant evidence for intra-permafrost
gas, mainly of biogenic origin, that may be emitted to the atmosphere.

Brouchkov and Fukuda (2002) found values as high as 6000 ppmv CH, in frozen
soil and ice wedges and low rate CH, production in deeper soil material at subzero
temperatures. Thawing of permafrost may release this CHy if it does not pass through
an aerobic soil zone where it is oxidized. Rivkina et al. (2001) measured CH4
concentrations in drill cores up to 50 m depth in the East Siberian coastal plain
west of the Kolyma River. These cores penetrated Holocene thaw lake and alluvial
sediments, the Yedoma, and Plio-Pleistocene marine and terrestrial sands and silts.
The CH,4 concentrations were highest in the Holocene (up to 20 ml/kg) and the
Middle Pleistocene-Pliocene deposits (up to 50 ml/kg), but very low in the Yedoma.
The dry, steppic environment under which the Ice Complex accumulated was
assumed to be unfavourable for CH, accumulation. The CH,4 concentration did not
show systematic trends with depth that would suggest seepage from a deep subsur-
face source.

Also evidence for the presence of CH, hydrates at shallow depths is found by
Rivkina et al. (2001), well above the normal hydrate stability zone based on
sediment column pressure and temperature (O’Connor et al. 2010). Rivkina et al.
(2001) assume that within the pore spaces of the permafrost, high pressures may be
created during freezing, allowing hydrate formation. 8'*C data of CH, from these
cores demonstrate a biogenic origin of the CH,, not thermogenic CH, from deeper
gas sources. Active methanogenic cultures of both acetoclastic and
hydrogenotrophic Archaea from Holocene and Pliocene samples were obtained
(Rivkina et al. 2007). In West Siberia, hydrates and pressurized biogenic gas at
shallow depths result in blowout risks for oil and gas drilling (Yakushev and
Chuvilin 2000).



114 J. van Huissteden

Gas seeps also have been observed in the Yana-Indigirka and Kolyma lowlands.
Kraev et al. (2012) report a reservoir in coarse-grained fluvial deposits at 23 m depth
in the Kolyma lowlands, which contained CH4 with a considerable younger age (£
12 000 year) than the deposits in which it was found (31 000 kyr). This gas should
have been migrated into the reservoir from other (unfrozen) deposits. The proposed
migration mechanism is expulsion of CHy by freezing of an unfrozen body of
sediment. Epigenetic refreezing of taliks underneath former thaw lakes is common
in the Northeast Siberian lowlands, as shown by the many closed system pingos
which result from expulsion of pressurized water.

It is unlikely that deep gas hydrates in the gas hydrate stability zone are a source
of CH, from permafrost in the near future (O’Connor et al. 2010), but shallower
biogenic gas reservoirs may become a source upon warming of the permafrost. Part
of the emission hotspots in thaw lakes could originate from this type of reservoir
(Walter et al. 2008). The recent discovery of gas outburst craters in Yamal also
originates from sources at depths of tens of metres. The first were discovered in 2014
and were up to then completely unknown to the permafrost research community
(Leibman et al. 2014). The diameters of these craters are in the order of a few tens of
metres; depths may be more than 50 m. Ejecta attest of a violent explosion. Inside the
first crater, very high concentrations of CH4 and H,S were measured. Leibman et al.
(2014) hypothesize that the crater may have originated from dissociation of a
shallow hydrate reservoir following warming of the permafrost, which proceeds at
a high pace in Yamal. It is expected that within a few years, it will look like a normal
tundra lake (Babkina et al. 2017). On further climatic warming, it cannot be excluded
that similar outbursts of CH, also appear in East Siberian Arctic lowlands.

5.5 Effects of Environmental Change
5.5.1 Climate Change

Warming in Eastern Siberia is strongest in winter (AMAP 2017). Decrease of sea ice
cover is associated with higher temperatures over the nearby land areas, in particular
in spring and late summer/autumn, and possibly also with precipitation increase
(Bintanja and Selten 2014). Higher winter precipitation results in a thicker snow
cover, warming the soil (Iijima et al. 2010; Johansson et al. 2013). Climate change
also includes changes in the water balance (precipitation vs. evapotranspiration) of
ecosystems. Model projections predict an increase in snow water equivalent of
15-30% over the Siberian sector. Snow cover duration decreases throughout the
Arctic, but the least (10%) over Siberia (Callaghan et al. 2012).

From basic principles, higher soil and water temperatures should increase CH,
emission, since the temperature sensitivity (Q10) of methanogenesis is higher than
that of methanotrophy (Segers 1998). However, also wetter soil conditions will
increase CH4 emission. It is decisive to what extent climate change results in changes
in temperature, water table, and other soil environmental conditions that enhance
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methanogenic activity and exposure of additional SOM to methanogenesis. For the
effects of climate change on permafrost, Grosse et al. (2011) make distinction
between slow but gradual and widespread press disturbances, and rapid, generally
local, and destructive pulse disturbances. To quantify the net effects of pulse
disturbances, also ecosystem recovery needs to be taken into account (Van
Huissteden and Dolman 2012).

5.5.2 Direct Climate Warming Effects

As yet, press disturbances for the CH, cycle in Eastern Siberia are difficult to
distinguish from interannual variability because of the short and sparse observation
time series (Parmentier et al. 2013). Evidence results from the analysis of the effects
of short-term variability, space-for-time substitutions, and field and model
experiments.

Land surface bottom-up models include soil and lake CH4 emission models (e.g.
McGuire et al. 2012). However, because of differences in model structure (Mi et al.
2014; Chadburn et al. 2017) and uncertainty in wetland and lake distribution
(Petrescu et al. 2010), model results may deviate strongly from each other (Melton
et al. 2013) and need model tuning on data (Petrescu et al. 2007; Budishchev et al.
2014).

Melton et al. (2013) evaluated the performance of ten CH4 emission models with
various resolution and model structure. Simulated wetland areas and CH, emissions
over large subarctic wetland complexes (West Siberia, Hudson Bay lowlands)
showed very large differences among models and deviations from data. The wet-
lands in the Yana-Indigirka-Kolyma lowlands were even missed by some of the
models.

Parmentier et al. (2015) assessed the effect of decreasing sea ice cover on wetland
CH, emission along the Circum-Arctic coast with three soil CH; models
(LPJ-GUESS, TEM6, and PEATLAND-VU), driven by ERA-interim reanalysis
data from 1981 to 2010 and a prescribed wetland distribution. Sea-ice cover area
correlated negatively with nearby land surface temperatures, but no significant trend
of precipitation was found. A clear negative correlation between modelled May—
October CH, fluxes and sea ice extent was found for most of the Arctic including
Northeast Siberia, with higher temperature-driven CH, emissions in years of lower
sea ice extent. Compared to a baseline period of 1981-1990, the CH,4 emission
between 2005 and 2010 increased on average by 1.7 (+0.4—4.1) Tg CH, year . For
Northeast Siberia, correlations of CH, emission with sea ice decline are strongest in
June and September (Fig. 5.5).

Other evidence comes from the effects of short-term variability (yearly variations
and shorter) of temperatures on CH, fluxes. Wille et al. (2008), Sachs et al. (2010),
and Parmentier et al. (201 1a, b) found a significant effect of soil surface temperature
in chamber and eddy covariance CH, flux data. Radiocarbon datings on molecular
soil organic markers (n-alkanes) exported by Siberian rivers (Ob, Yenisey, Lena,
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sea ice concentration change (% per decade)
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Fig. 5.5 Per month correlations between model-simulated 1981-2010 terrestrial methane emis-
sions and sea ice concentration in a model study by Parmentier et al. (2015). Red to blue colours



5 Methane and Biogenic Volatile Organic Compound Emissions in Eastern Siberia 117

Indigirka, and Kolyma) show an increasing age from east to west, which is also the
gradient of increasing climate warming (Gustafsson et al. 2011). It is therefore likely
that older soil carbon is contributing to CH, emitted from soils on a large scale.

Given the important role of vegetation in CH4 emission, vegetation change is also
a form of press disturbance on CH, emission. Extension of the growing season and
higher growing season temperatures could enhance primary production, but since
many ecosystems in Siberia are nutrient-limited (e.g. Beermann et al. 2015), the
liberation of nutrients from thawing SOM may be a more important factor. Model
simulations using a tundra vegetation model (Van der Kolk et al. 2016) suggest that
warming favours shrub dominance, while graminoids (including wetland
graminoids) profit from increased precipitation. Graminoids have better access to
nutrients liberated in deeper soil layers compared to shrubs.

Warming soils may also result in bacterial community changes. Wagner and
Liebner (2009) note a lack of experimental research on this subject. In a high Arctic
peat from Spitsbergen, CH, production rates, the abundance of methanogenic
archaea and their community structure changed with increasing temperature (Hgj
et al. 2008). On the other hand, little change was seen in the methanogenic archaea
population in East Siberian peat soils (Metje and Frenzel 2007). Bacterial isolates
from Siberian tundra soils still have their optimum in the temperature range between
25 and 35 °C. The bacterial diversity and quantity of active cells in a polygonal
tundra soil in Northeast Siberia were found to be strongly related to the content of
organic matter (Kobabe et al. 2004; Wagner and Liebner; 2009). Therefore, changes
in the organic matter quality and quantity are likely to have a more important effect
on bacterial communities than soil temperature itself.

The effect of warming on lake emissions has not been studied in Eastern Siberia.
Data from the extreme warm summer of 2012 in West Siberia show an up to five
times higher lake water CH,4 concentration compared to the previous summers
(Pokrovsky et al. 2013). Hardenbroek et al. (2012) applied a paleoecological
approach for lakes in the Indigirka lowlands, making use of the carbon isotopic
effect of CH,4 on the lake food web (Bastviken et al. 2003). Low plankton 813
provides a proxy on the recycling of CHy-derived carbon into a lake’s food web.
8'>C in lake zooplankton was lowest in sediments deposited from ca AD 1250 to ca
AD 1500 and after AD 1970. This coincided with warmer climate as indicated by
tree rings (Sidorova et al. 2008).

Model-predicted summer precipitation trends for the end of the century indicate
an increase of precipitation over Siberia by up to 10 mm per month (Overland et al.
2011), which could result in higher soil water tables in the summer, thicker active
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Fig. 5.5 (continued) depict the correlation coefficient value of the correlation between modelled
methane emissions and sea ice concentration within 2000 km distance, averaged for three ecosys-
tem CH4 emission models. The linear trend in sea ice concentration is shown to indicate areas of
high sea ice retreat. Note that high correlations do not necessarily equal high emissions. (From
Parmentier et al. 2015)
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layer, and more widespread anaerobic soil conditions. Ohta et al. (2008) showed an
increase of soil moisture and ALT between 1998 and 2006 in East Siberian larch
(Larix cajanderii) forest, which could potentially increase CH, emission. Higher
winter precipitation also produces higher and more prolonged flooding the next
spring. Regional climate model simulations coupled to a hydrological model predict
that flooded area increases by 2—5%; the highest increase is predicted in Northern
Siberia (Shkolnik et al. 2017). Prolonged and more widespread flooding may result
in higher CH, emissions from highly reactive floodplains (Van Huissteden et al.
2005, 2013).

5.5.3 Geomorphological Change

Pulse disturbances are largely the effect of geomorphological processes induced by
thawing of ice-rich permafrost (Walvoord and Kurylyk 2016). The volume loss of
Ice Complex deposits with volumetric ice content up to 90% (Schirrmeister et al.
2013) or of palsas and peat mounds in peatlands results in subsidence and formation
of ponds (e.g. Kirpotin et al. 2011; Glagolev et al. 2011). Ponds may also form from
coalescing low-centred polygon ponds as a result of general subsidence due to
permafrost thaw or change of the water balance (Lara et al. 2015; Van Huissteden
in prep). Pond formation alters the heat balance of the surface (Boike et al. 2015). In
particular thawing ice wedges results in the formation of deeper ponds (Jorgenson
et al. 2006; Liljedahl et al. 2016). If subsidence results in ponds that are deeper than
the winter ice thickness, a perennial thaw bulb below the pond results. However,
even shallow ponds prolong the period of time in which soil material is thawed
(Langer et al. 2015).

The transition of ponds to larger thaw lakes is poorly documented. Fedorov and
Konstaninov (2009) and Fedorov et al. (2014) describe the growth of an alas lake
near Yakutsk, monitored since 1992. The average rate of subsidence of individual
thaw depressions was 5—-10 cm year . Individual ice wedge thaw ponds coalesced
into larger lakes and ponds. The lake expanded from an estimated volume of 195 m?
in 1993 to 3135 m? in 2008. About one third of the water volume was derived from
ground ice. When the lake expands, surface currents in summer cause erosion of
banks, redistributing sediment and exposing more permafrost ice to the impact of
solar radiation. Erosion rates are largest in deep and large lakes (Jorgenson and Shur
2007; Fig. 5.6). The thaw bulb below a lake can reach depths of tens of metres
(Grosse et al. 2013).

Langer et al. (2015) quantified winter emissions in ponds based on CHy stored in
ice. Stable ponds in stable polygonal tundra had emissions below 0.0058 mg m >
h™', while ponds that showed clear signs of erosional expansion had emissions of
two orders of magnitude higher. Goovaerts (2016) measured in the Indigirka low-
lands an average CH, flux of 9.4 mg m 2 h™! in shallow, active thaw ponds in
summer. These ponds were also a large source of CO,: 482.5 mg m > h™'. Flessa
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Fig. 5.6 Left: erosion of thaw lake bank in ice-rich Yedoma deposits, showing high transport of
recent vegetation and topsoil along a thaw slump into the lake. Kytalyk tundra research station near
Chokurdagh, Indigirka lowlands. Right: thaw pond at the transition of a sedge meadow to a Betula
nana-covered peat mound (Fig. 5.2), with dead Betula branches protruding above the water

et al. (2008) report larger fluxes from thaw ponds in west Siberian mires, in the order
of 5-12 mg m~ h™' and higher.

Ponds develop easily in superficial ice bodies (Jorgenson et al. 2006; Nauta et al.
2014; Van Huissteden in prep). Given their high number, high rate of development,
high CH, emission, and development in environments that were mostly CH, sinks,
small thaw ponds are an important source of CH4 emission resulting from permafrost
thaw. Expansion of thaw ponds also results in drowning and erosion of vegetation at
the edges of ponds (Fig. 5.6). This fresh organic matter contributes to high CHy
production. The chain of bacterial organic matter decomposition that contributes to
the substrate for methanogens should also be very active in these ponds, because
much of the material is contributed from the biologically active topsoil. Therefore, in
the early stages of permafrost collapse, CH, emission is very active, but not
necessarily fed by old soil carbon. Since the CH, transport pathway to the atmo-
sphere is short, the CH, production at the bottom of these ponds enters the atmo-
sphere without much oxidation (Langer et al. 2015).

However, there are limits to pond expansion and associated CH, emission.
Shallow ponds are in a few years colonized by wetland vegetation restoring at
least the CO, sink (Li et al. 2017; Van der Kolk et al. 2016). Liljedahl et al.
(2016) show that pond development on ice wedges can result in better drainage
through ice wedge troughs. However, the net effect of drainage on GHG emissions is
uncertain. The artificial drainage experiment by Kittler et al. (2017) shows a decrease
of CH,4 emission, but the increase of aerobic CO, respiration and decline of CO,
uptake resulted in a total net increase of the GHG source.

Compared to ponds, emissions from lakes are lower (Langer et al. 2015). In thaw
lakes, ebullition is strongest in the nearshore zones where the contribution of soil
carbon eroded from the banks is highest. Whole-year lake emissions in the Kolyma
lowlands amounted to 24.94+2.3 g m > year ' (2.8 mg m ~ day "), but fluxes from
the 15-m-wide band adjacent to actively eroded banks are considerably higher,
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128424 g m 2 year '(14 mg m 2 day "), representing 79% of the total lake flux
(Walter et al. 2006). Isotopic analysis and radiocarbon dating of the emitted CH,
from thaw lakes in Siberia and Alaska has shown that the CH, carbon is derived
from old Pleistocene soil carbon and that methanogenesis shifts from the acetoclastic
pathway towards CO, reduction if more old carbon is involved (Nakagawa et al.
2002; Walter et al. 2007).

Do thaw lakes and ponds expand in area, replacing terrestrial sink areas with large
CH,4 sources, and can this be attributed to climate change? The areal changes of lakes
and ponds are difficult to estimate; the area of ponds and lakes is influenced on year-
to-year variability of the water balance (e.g. Plug et al. 2008; Fedorov et al. 2014).
Smith et al. (2005) report an overall decrease of lake area by 6% but in continuous
permafrost an area increase of 12% with a 45% increase in the number of lakes,
while in discontinuous permafrost areas, the lake area decreased. Kirpotin et al.
(2009) observe a similar pattern in western Siberian peatlands. However, Karlsson
et al. (2014) did not find a consistent trend in lake area in West Siberia based on a
remote sensing study. Fedorov et al. (2014) report large expansion of a thaw lake
from 195 m? in 1993 to 3135 m? in Central Yakutia.

Thawing permafrost can result in both decrease of lake area (if lakes drain
through talik development or erosion of drainage thresholds) or increase (if lake
recharge increases through thicker active layer and supra-permafrost taliks). Perma-
frost lake hydrology often lacks data on groundwater flow (Fedorov et al. 2014;
Walvoord and Kurylyk 2016). Lakes and ponds disappear in various ways, in which
catastrophic drainage by erosion is a frequent process (Kirpotin et al. 2008; Jones
et al. 2011; Grosse et al. 2013). Other processes may be infilling by sedimentation,
including peat formation (Walter Anthony et al. 2014). After drainage or infilling
with sediments, ice-rich permafrost can be established again over time (Grosse et al.
2013). These lake basins may become carbon and greenhouse gas sinks by uptake of
CO, in peat and vegetation (Walter Anthony et al. 2014; Van der Molen et al. 2007).

Large areas of Northern Siberia are covered with overlapping drained thaw lake
basins, dating from the Last Glacial Termination to recent (Walter et al. 2007b).
Assuming accelerated reworking of Yedoma deposits with labile carbon by thaw
lake growth, Walter et al. (2007a) estimate that 50-100 Tg CH, year—l) could be
produced with future climate warming. However, many present lakes are secondary
lakes, developing in older thaw lake basin sediments with less ice volume than
Yedoma and probably less labile carbon because carbon in these sediments has
undergone already a decomposition cycle from previous lake growth (Morgenstern
et al. 2011, 2013). Also, present lakes expand in areas that already contain CHy-
emitting wetlands, of which the emission has to be taken into account. Future
estimates of CH, emission from lake growth will strongly depend on rates of
geomorphological processes of lake growth and drainage, lake hydrology, and
carbon transformation. An approximation of landscape-scale lake development
with a probabilistic cellular automata model of thaw lake expansion and erosional
drainage shows that lake expansion has limits (Van Huissteden et al. 2011). For all
future climate scenarios, the model shows a gradual expansion of lake area at first,
followed by a decrease of lake area due to drainage. To reliably estimate future CH4
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emission from expanding thaw lakes, long-term geomorphological process and
hydrological studies are necessary.

The net effect on carbon release from permafrost of push disturbances such as
pond and lake development should include the life cycle and recovery rate of these
features (Van Huissteden and Dolman 2012). Ponds revegetate over time, in the
order of several years to decades, and may become sinks of CO, again; this CO, sink
may even be stimulated by nutrient release from thawing SOM (Li et al. 2017). If
recovery effects are not considered, an overestimate of the total emission results
(Van Huissteden and Dolman 2012).

5.5.4 Other Anthropogenic Disturbances

Human activities increase in vulnerable permafrost ecosystems as a result of eco-
nomic development. Permafrost ecosystems are fragile, and soils and vegetation are
easily disturbed by frequent walking or motorized traffic. The vegetation shields
permafrost soils from incoming solar radiation and high air temperatures. Blok et al.
(2010, 2011) and Nauta et al. (2014) have demonstrated that the removal of a shrub
cover on dry, ice-rich permafrost leads to an increased ALT and the development of
thaw ponds, turning the shrub removal areas from a sink of CH, into a source in
5 years.

A drainage experiment on the Kolyma River floodplain near Cherskii started in
2004, resulting in an average water table drop of 20 cm (Merbold et al. 2009; Kwon
et al. 2016, 2017). The main vegetation in the area consists of Carex appendiculata
tussocks and Eriophorum angustifolium cotton grass. Drainage lowered the growing
season of CH4 flux by a factor of 20 as measured in 2013. The soil temperature
profile changed as a result of changed thermal properties (dry organic soil has lower
thermal conductivity). The deeper subsoil in the drained areas was colder, resulting
in a decrease of thaw depth, while in the top layer temperature fluctuated more
strongly. This water table and temperature profile change drives the differences in
CH,4 flux, reducing methanogenesis at depth and promoting methanotrophy in the
topsoil. Additionally, a decrease in abundance of E. angustifolium reduced
aerenchymous transport of CHy.

However, drainage of permafrost wetlands is probably not an option for mitigat-
ing CH,4 fluxes. Drainage enhanced aerobic decomposition in the organic-rich soil
(Kwon et al. 2016; Kittler et al. 2017). Before drainage, the area was a summer
greenhouse gas source of 4754253 g C-CO2-eq m 2, which was reduced to
23426 g C-CO,-equivalent m 2 shortly after drainage (Merbold et al. 2009).
After 10 years of drainage, CO, uptake decreased, and CO, emission increased,
resulting in a larger net GHG source (Kwon et al. 2016, 2017). An important cause
of decreased CO, uptake is vegetation change: the decline in abundance of
E. angustifolium, which is a high CH4-emitting species, also contributes strongly
to CO, uptake.
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These experiments on anthropogenic manipulation of permafrost ecosystems
show that there are no simple answers on how to mitigate CH, emission from
permafrost ecosystems. However, the experiment by Nauta et al. (2014) points
convincingly to protection of the vulnerable vegetation cover of permafrost ecosys-
tems; increasing human activities without this protection may result in increased
GHG emission.

5.6 BVOC

Oxidation by OH radicals is the main atmospheric sink for CH,, but also for many
organic compounds of natural (vegetation, wildfires) and anthropogenic origin.
Non-methane volatile organic compounds (NMVOC) therefore compete with CH,
for this atmospheric sink and have significant impact on the lifetime of CH, and
global or regional CH4 budget (e.g. O’Connor et al. 2010, Thonat et al. 2017). A
major component of NMVOC are the biogenic volatile organic compounds
(BVOCs), emitted by vegetation. BVOCs consist of thousands of volatile organic
chemical species, e.g. isoprenes, terpenoids, alkanes, alkenes, alcohols, esters,
carbonyls, and acids. However, only a few of these are emitted at quantities that
may impact the atmosphere. The most important of these compounds are terpenoids,
including isoprene and monoterpene which are the most studied compounds
(Guenther 2013). Taiga forests such as those in Eastern Siberia are an important
source of BVOC (Arneth et al. 2007).

With climate change the emission of these compounds may increase by higher
temperatures, plant stress, and increasing leaf area (e.g. Arneth et al. 2007
O’Connor et al. 2010; Kramshgj et al. 2016), causing the atmospheric lifetime of
CH, to become longer, resulting in a further increase of atmospheric CH4 concen-
tration. However, the emission of the important BVOC component isoprene is
reduced at higher atmospheric CO, concentrations (Arneth et al. 2007), and further-
more BVOC:s also result in the production of secondary organic aerosols that scatter
and absorb radiation and act as cloud condensation nuclei (Arneth et al. 2010, 2016
and references therein), reducing solar radiation at the Earth’s surface, complicating
the effect of BVOC on climate.

Emission factors (E) for BVOCs are influenced by environmental parameters,
such as light, temperature, and intercellular CO, concentration in leaves. Other
drivers that can influence E; are environmental stress, past environmental conditions,
leaf age, and seasonality. In particular drought and heat stress are important, but also
include the effects of air pollution such as ozone. For some compounds,
e.g. isoprene, formation and emission is directly related to current environmental
conditions of the plants, but other compounds like monoterpene can be stored in
plants which complicates the relation of E; with the environment by emission from
storage (Niinemets et al. 2010).
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In assessments of global BVOC emission, the huge Siberian forests have been
severely under-sampled. Emission rates for terpenoids at the level of shoots were
measured first by Kajos et al. (2013) in Larix cajanderi forest near Yakutsk (SPA
station). They identified seven different monoterpenes, six different sesquiterpenes,
linalool isoprene, and 2-methyl-3-buten-2-ol (MBO). Monoterpenes were dominant
and contributed between 61% and 92% of the total emissions; the second important
component was linalool isoprene. The emissions varied between 0.5 and
18.5 pg gaw ' h™" and followed the daily cycles of temperature and photosynthet-
ically active radiation. However, the differences among the studied trees were large,
possibly because of mechanical stress and herbivore attack in the tree with the
highest emissions. The monoterpene emission rates were best described by a
model that involves emissions from a both storage pool and emissions directly
after synthesis.

Unfortunately not much is known about BVOC emissions in the northern tundras
in Eastern Siberia. Emissions of isoprene, methanol, acetone, and acetaldehyde
measured above a mire in Northern Sweden measured with disjunct eddy correlation
showed a large contribution from this wetland environment: isoprene emission rates
were 329 pgC m 2 (Holst et al. 2010). Kramshgj et al. (2016) measured BVOC
emissions from tundra plants (Salix glauca and Empetrum hermaphroditum) in a
warming experiment in Greenland tundra. Warming by on average 3.1 °C resulted in
a 260% increase of BVOC emission. These data demonstrate the need for further
study in the large tundra area in Eastern Siberia.

Formaldehyde (HCHO) is a product in the oxidation of VOC from various
sources (vegetation, wildfires, anthropogenic sources) and are therefore a proxy
for BVOC sources. Satellite observations of atmospheric column formaldehyde
concentrations, in combination with inverse modelling of sources (fire and vegeta-
tion isoprene emissions), indicate a strong increasing trend (3.8% per year) of
isoprene emissions over Siberia (Bauwens et al. 2016; Fig. 5.7). This is attributed
to increasing temperature and leaf area index.

‘*E’“T_é?A priori isoprene trend (2005-2013)] {~% ~ ==OMI-based isoprene trend (2005-2013)] %/Yr

Fig. 5.7 Global distribution of annual isoprene emission trends over 2005-2013 according to an a
priori model inversion of formaldehyde sources (left) and a top-down inventory from satellite
formaldehyde data (right) expressed in percentage year. (From Bauwens et al. 2016)
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Because of the complexity of interactions of BVOC emissions with greenhouse
warming, Arneth et al. (2016) set up a modelling experiment for Eastern Siberia to
assess these competing effects, including CO, emission from soil. The model
experiment included the global vegetation model LPJ-GUESS and the
ECHAMS.5-HAM2 climate model, with aerosol microphysics included. The emis-
sion factors for monoterpenes were taken from the minimum and maximum values
measured in Siberia (Kajos et al. 2013), and CO, inhibition of BVOC formation was
switched on and off in the models. Combined with CO, emission inhibition, BVOC
emission decreased slightly by the end of this century. Without CO, inhibition,
BVOC emissions almost tripled.

The model showed the importance of correctly predicting the effect of climate
change on the leaf area index of tree species, since forest expansion would result in
increasing BVOC emissions (although tundra emissions were not included). The
effect on aerosol formation was considered small however, compared to the effects
of aerosols from wildfires. The potential radiative effect of increasing BVOC
emissions at the end of the century was a —0.2 W m ™2 change on direct clear-sky
radiation and an additional —0.5 W m 2 on the cloud radiative effect, but subject to
large uncertainty. However, this modelling effort clearly shows the necessity of an
integrative approach to the climate effect of BVOC emissions.

5.7 Conclusions

Field research based in Eastern Siberia has contributed significantly to process
knowledge of the permafrost carbon feedback to climate change, in particular with
respect to CH, emissions. However, more progress can be made. Winter emissions
have shown to make up an important part of the yearly CH, budget of permafrost
ecosystems; also spring thaw emissions from lake and pond ice can be substantial.
Therefore, research efforts including the full winter season are urgently needed.
Other CH, sources that need attention are:

— Spatial variabilities of ecosystem CH, emissions with attention to landscape-scale
variation (lakes, drained thaw lake basins, floodplain wetlands).

— Transfer of old permafrost carbon to labile carbon compounds as substrate for
methanogens.

— Potential emissions from deeper permafrost gas reservoirs in depth ranges that
can be influenced by permafrost warming in the coming decades.

— Permafrost thaw and CH,; emission resulting of human disturbance of
ecosystems.

— Given the contribution of East Siberian ecosystems to global emission of BVOC
and its effects on the oxidative OH sink of CHy, also these emissions should be
quantified better, in particular in the tundra regions of Eastern Siberia.
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