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Summary

e Tree stems can be a source of the greenhouse gas methane (CH4). However, assessments
of the global importance are complicated by a lack of research and a high variability
between ecosystems. Here, we determined the contribution of emissions from tree stems
of mature black alder (4/nus glutinosa (L.) Gaertn.) to overall CHs exchange in two
temperate peatlands.

e We measured emissions from stems and soils using closed chambers in a drained and a
wet alder forest over two years. Further, we studied the importance of alder leaves
as substrate for methanogenesis in an incubation experiment.

e Stem CHsemissions were shortlived and occurred only during times of inundation at
the wet site. The drained site did not show stem emissions and the soil acted as a small
CHj4 sink. The contribution of stem emissions to the overall CH4 budget was below 0.3%
in both sites.

e Our results show that also mature black alders intermittently can be a source of CHa.
However, the low share of stem-mediated CH4 emissions in both forests may indicate

that this pathway is only of minor relative importance in temperate peatlands.

Key words: Alnus glutinosa, methane (CHa), stem fluxes, CH4 budgets, peatland

Introduction

Tree stems are increasingly recognized as potential surfaces for the exchange of greenhouse

gases (GHG) such as methane (CH4) (Pangala et al., 2013, 2015). CH4 is a potent GHG whose
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globally relevant emission sources are not yet fully understood (Melton et al., 2013; Saunois et
al., 2016). It is possible that tree stems are a source that has been previously overlooked in
global CH4 inventories (Pangala et al., 2017). Accordingly, emissions from trees have been

discussed as a “new frontier in the global carbon cycle” (Barba et al., 2018).

Regionally, tree stem emissions can be the most important CHs4 source (e.g. in the amazon basin,
Pangala et al. 2017). However, the magnitude of CHs fluxes from tree stems seems to vary
considerably on a global scale with fluxes tending to be lower in temperate (Gauci et al., 2010;
Pitz et al., 2018) than in tropical regions(Pangala ef al., 2017). The ecosystem share of stem
CH4 emissions has only rarely been addressed, with the few available studies reporting shares

between 27% in a temperate and 87% in a tropical wetland (Pangala et al., 2013, 2015).

Although CH4 emissions from tree stems could be an emission pathway of global relevance,
little information is available on the influence of ecosystem type or of abiotic factors. e.g. water
level and soil temperature. Also, the variability of stem emissions between and within individual
trees, e.g. caused by stem height, tree age or tree species, has rarely been studied (Barba ef al.,

2018).

Abiotic and biotic factors can influence both CH4 production itself and its emission rate from
tree stems. Generally, soil temperature, soil water content or water level and physiological
activity of the trees are assumed to be the most important influencing factors (Terazawa ef al.,
2015; Barba et al., 2019; Schindler et al., 2020). Accordingly, a considerable increase in stem
CH4 emissions may be associated with increasing water tables (Pitz et al., 2018; Schindler et
al., 2020) and increasing soil and air temperatures (Barba ef al., 2019). This is further backed
by mesocosm experiments (Rusch & Rennenberg, 1998; Pangala et al., 2014).

The origin of the emitted CH4 likely can be either the tree trunk itself or the soil. Several studies
found stems of upland trees to be sources of CH4 despite standing on very dry soils (Machacova
et al., 2016; Wang et al., 2016; Maier et al., 2017; Pitz & Megonigal, 2017). Thus, heartwood
rot can be a good indicator for stem CH4 emissions (Covey ef al., 2012; Wang et al., 2016). In
addition, methanogenesis may even take place in aerobic parts of plant tissue (Bartlett ef al.,
2006; Bizi¢ et al., 2020). On the other hand, CH4 produced in the soil can enter the tree through
the roots and may be transported through the sap or through air-filled spaces in the trunk
(Schroder, 1989). This is supported by several studies finding higher CHs4 emissions in the
lowest parts of the trunk (Terazawa et al., 2007; Barba et al., 2019; Schindler ef al., 2020).
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Trees like black alder (4lnus glutinosa (L.) Gaertn.) additionally have the ability to transport
oxygen into their rhizosphere and thereby stimulate methantrophy (Joabsson & Christensen,
2001). In addition, alders predominantly grow on peat soils in temperate regions, which

themselves have a high potential for CH4 emissions (Turetsky et al., 2014).

Black alder forests roughly cover 5% of all central European forests (Claessens et al., 2010). In
north-eastern Germany black alder is the second most important deciduous tree species after
the European beech (Fagus sylvatica L.). In addition, the importance of black alder could
increase further since it has a high potential for sustainable silviculture on rewetted peatlands

(Schéfer et al., 2005).

Here, we study patterns of CH4 emissions through stems of mature black alders and relate them
to soil CH4 emissions to evaluate the share of CH4 passing through trees in two temperate alder
forests over two years. One of the studied forests is currently drained while the other is
undrained (i.e. wet). Further, we studied the possible effects of leaf fall on soil CH4 emissions

by determining CH4 production potentials in an incubation experiment. Our hypotheses are:
(1) CH4 emissions from stems of black alder contribute significantly to the overall CH4 budget.

(2) Absolute values of tree stem CH4 emissions of the wet site are larger than at the drained site,
while relative contributions are higher at the drained site due to low or no emissions from the

soil.

(3) Events like inundation, leaf fall or leaf out significantly increase stem CH4 emissions,
because inundation increases CH4 production, leaf fall provides substrate for methanogenesis

and leaf out increases rates of internal transport in the tree due to higher transpiration.

Material and Methods

Study sites

The drained and wet black alder forest sites are located in north-eastern Germany (54° 7°36.27”
N, 12° 28’ 55.5” E) sharing a distance of approx. 1 km. The drained site has been logged for
over 200 and most likely drained even earlier. After decades of drainage the wet site has
gradually been rewetted since the 1990s with the final water levels establishing in 2004. Both
sites are located approx. 40 m.a.s.l. and receive 627 mm of rain on average (DWD, reference
period: 1981-2010) with annual mean temperature of 8.5 °C. Both sites are situated in local

depressions. The research sites are fenced areas of approx. 12 x 30 m with a boardwalk running


https://doi.org/10.1101/2020.09.01.277350
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.01.277350; this version posted September 2, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under a CC-BY-ND 4.0 International license.

92  along the long side through the center of the short side. Boardwalks were constructed between

93  April and June 2017.

¢ Weatherstation

94

95 Abbildung 1 Fig. 1: a) Setup of tree chambers and Picarro Gas Scouter at AW. b) Study location in Germany. ¢) Location of
96 AW, AD and the weatherstation

97

98  Black alder (4lnus glutinosa (L.) Gaertn.) is the only tree species in the wet site (AW — Alder
99  Wet). The understorey features sedges (Carex acutiformis Ehrh.), C. riparia Curtis), featherfoil
100  (Hottonia palustris L.) and bitter nightshade (Solanum dulcamara L.). However, temporal
101  flooding created areas of open water. Peat depth is around 2 m with an average soil pH of around

102  5.1. Soil carbon and phosporus contents lie at 38 % and 1.4 %, respectively (Jurasinski et al.,

103 2020).

104  The drained site (AD — Alder Dry) features a mixed stand of black alder and European ash
105  (Fraxinus excelsior L.). The understory mainly comprises nettle (Urtica dioica L.), elderberry
106  (Sambucus nigra L.) and blackberry (Rubus sp L.). In spring lesser calendine (Ranunculus
107  ficaria (HUDS.)) is dominant on the ground. The peat is very shallow with a depth of
108  approximately 40 cm. Soil pH is 4.5 with soil carbon and phosphorus content being 19 % and
109 2.7 %, respectively (Jurasinski et al., 2020).
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110  Study setup

111 We used flow-through non-steady-state chambers to measure gas exchange between the
112  atmosphere and the stem as well as the soils surface, respectively (Livingston & Hutchinson,
113  1995). We measured soil exchange fluxes in both sites at five different spots with permanently
114  installed PVC collars in the ground (approx. 10 cm depth, radius = 65 cm, height = 0.9 — 1.4
115 m) (Giinther et al., 2014). Soil chambers were equipped with three fans at the lid as well as a
116  temperature and humidity sensor. Stem chambers were permanently installed on three trees at
117  three heights above the base of the stem (approx. 0.3 m, 1 m, 2 m) at each site (i.e. 9 chambers
118  per site). We constructed the stem chambers using polypropylene containers from which the
119  bottom was cut out (EMSA ® V = 0.001 m?®). The chambers were mounted on the tree stems

120  with an adhesive synthetic sealant (plastic fermit ®, Fermit).

121 Flux measurements

122 Measurements were carried out every two weeks over the course of two years between May 3™
123 2018 and April 30" 2020. On June 26™ 2018 we ran an 18-hour campaign to determine
124  differences in CH4 emissions from tree stems during day and night. In this campaign every stem

125  chamber was measured every 45 minutes.

126  For measurements of soil GHG exchange, the flexible side walls of the chamber were firmly
127  attached to the PVC collar by a rubber band. For stem chamber measurements, the chamber
128  was closed using a lid with a rubber gasket. Inlet and outlet tubes (PVC, inner diameter: 3.4
129  cm) connected the chambers to a portable gas analyser. CO2 and CH4 concentrations inside the
130  chamber were measured by laser spectrometers (Ultra-Portable Greenhouse Gas Analyzer, Los
131  Gatos Research ©, and GasScouter, Picarro ©) with a measurement frequency of 1 Hz.
132  Enclosure time for soil and stem chambers was 5 and 3 minutes, respectively. A shorter
133  enclosure time for the stem chambers was chosen due to the much smaller headspace volume
134 (0.002 m?vs. 0.31 m?). Flux estimation was performed using R 3.6.4 (R development core team,
135  2020). For flux estimation we used an updated version of the fluxx() function of package flux
136 for R (Jurasinski et al., 2014). The slope was calculated between each concentration
137  measurement (one per second). Subsequently the median of the slope values was taken as an

138  estimate for the gas flux (i.e. median based regression (Siegel, 1982)).

139  Additional measurements
140 A weather station 500 m SW of the wet site (CR300, Campbell Scientific ®) recorded air
141  temperature, wind velocity, precipitation and radiation (PPFD). At both sites Onset ® HOBO

142  Pendant soil temperature loggers were used at three different locations in 5 and 15 cm depth
5
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143  with a measurement interval of 15 min. Water levels were logged continuously with a SEBA ®

144  CS457 dipper at 1 min intervals.

145  Methane budgets

146  Since we were not able to model methane fluxes using ancillary data, budgeting had to be based
147  on a statistical approach adapted from Giinther et al., (2017).We used the area-under-curve
148  function (auc.mc) from the R package flux (Jurasinski et al. 2014) to integrate flux values over
149  time by linear interpolation. For each measurement day, one flux value per flux subset (stem or
150  soil) and each site (drained or wet) was randomly chosen. This was repeated 100 times to obtain
151 100 different flux time series. Then, the area-under-curve was calculated 100 times for each
152  flux time series, each time leaving out one flux value (jackknife method), leading to a total of
153 10000 different CH4 balances. For the final CH4 balances per site and flux subset we calculated

154  the average and standard deviation of all balances.

155  For determining the share of stem and soil mediated CH4 emissions, we projected the stem
156  emissions of the lower 2.2 m of the stem onto the base area of the respective tree trunks. The
157  upper limit of 2.2 m was chosen because we assumed that no CH4 was emitted from the tree
158 trunks above that height (see results). First, we measured the stem diameters of all sampled
159 trees once at the stem base and once at 2.2 m height. Then, we calculated the surface area of the
160 lower 2.2 m of each tree (Asurface) by using equation (1) that assumes the tree trunk to be a

161  circular conical fustrum:

2
162 ASurface = (rBase + TTop) X1 X \/(TBase - TTop) + hz (1)

163  where rgase and 7, are the base and top radii and 4 is the height (2.2.m). The base area of each

164  tree trunk was calculated by equation (2):
165 Apgse = T X (T'Base)2 (2)

166  Finally, we calculated the stem CHy flux projected to ground surface (Fgase) using equation (3)

_ FstemXAsurface
167 FBase - A (3)
Base

168  where Fgem is the flux estimated from stem chambers relative to the stem area. Because no
169  consensus exists on how to upscale stem fluxes, especially with regards to whether fluxes are

170  upscaled on a stem or soil area basis we aimed at comparing three different approaches:
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171 A1l. We used Fgase to calculate annual balances and upscaled it with the approx. total
172 base area of all trees per hectare.

173 A2. We used the daily average stem flux of each tree and multiplied it with the

174 respective surface area of the stem which yields an average flux per tree and day. With
175 this we also calculated annual balances.

176 A3. We used the overall average of stem fluxes and multiplied it with the total approx.
177 stem surface area of all tree stems and projected it to the period of one entire year.

178  For each approach we calculated the share of stem emissions with regards to the total emissions
179  of the ecosystem. For A1 and A2 we used the calculated balance for soil CH4 emissions for
180  comparison. For A3 the overall average soil CH4 flux was taken for comparison. Soil CH4 fluxes
181  and soil CH4 balances were spatially projected by multiplying with 1 ha excluding the base area
182  of all trees per ha (AD: 273 trees ha'! with 137 m? base area, AW: 311 trees ha™! with 106 m?
183  base area). Upscaling and the calculation of the share of stem CH4 emissions were done

184  separately for AD and AW and each study year.

185 Incubation experiment

186  We complemented our field monitoring data with an incubation experiment to study the possible
187  effects of leaf fall on soil CH4 emissions. For the incubation experiment soil samples were taken
188  at both sites from the top soil (0-10cm) in January 2020 and stored at approx. 5°C in a fridge
189  for 9 days. Alder leaves were collected in fall 2018 and dried for 3 days at 60°C and
190  subsequently stored in air tight plastic bags. Leaves were ground to 0.5 mm size. The incubation
191  experiment comprised three different anaerobic incubations. We set up three incubation
192  treatments to determine the CH4 production potential of soil and leaves separately and in
193  combination. Hence, each incubation container (140 ml, Weck ®) received either 10 g soil
194 (Soilony) or 50 mg leaves (Leavesony) or a combination of 10 g soil and 50 mg leaves (Soil
195  +Leavescombination). To establish anaerobic conditions 10 ml of de-ionized water were added to
196 the containers, after which the containers were closed with a gas-tight lid. Then, the headspace
197  was purged for 30 seconds with pure N> gas. This procedure was repeated after each sampling.

198  The anaerobic containers remained closed during the entire experiment.

199 In total, the experiment ran for 34 days. Gas samples were taken at two-day intervals at the
200  beginning and later at four- to six-day intervals. Gas samples were taken from the containers

201  with a 60 ml syringe. Approximately 25 ml headspace gas was added to evacuated 12 ml Labco
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202 ® Exetainers. The analysis of the gas samples was carried out with a gas chromatograph

203  (Shimadzu Auto System) within three days after sampling.
204  The production potential of the control series was calculated as follows:

) _ (Csy—CaxVuMcn,)/ti | (CLy—Ca*Vu*Mcu, )/t 4
05 Pp—Soil only | Leaves only) — VM + VM ( )

206  And the production potential of the priming series as follows:

207

(Cs+Ly—Ca*VH*Mch,)/t;
208 Pp—Soil+Leaves combination = i Vor 2 *my, ®))
209

210  Where Csx and Cry are the CH4 concentrations in the headspace samples of the incubated soil
211  and leaves, respectively. Cs+Lu is the CHs concentration in the headspace of the incubated
212  combination of soil and leaves. C, is the starting concentration of CHs (assumed to be 0), Vi
213 the headspace volume, Vu the molar volume of CH4 (24.7 1 mole™ at 25°C), Mcua the molar
214  mass of CHs (16.04 g mole™) and ti the duration of the incubation. The production potential
215  was calculated in relation to the mass of the material that was incubated. Finally, the separate
216  CH4 production potentials of Soilsuy and Leavesony taken together were compared with

217  Soil+Leavescombinaion 1n order to prevent weight effects on the CH4 production potential.

218  Statistical analyses

219  Statisical analyses and visualizations were carried out with R 3.6.4 (R development core team,
220  2020). The entire datasets and subsets were tested for normality using Shapiro Wilk tests. We
221  used Kruskal-Wallis tests to test for differences in means of the not normally-distributed data.
222  Relationships between abiotic variables and CH4 fluxes were carried out with stepwise multiple

223  linear regressions or exponential linear regressions.

224  Results

225 Climate

226  The study period was characterised by a large precipitation deficit together with above average
227  temperatures compared to the respective average values of the climate period 1981-2010 (data
228  from the German Weather Service, DWD). In the first study year (May 2018-April 2019) the
229  total precipitation was 381 mm (60% of long-term average) and 424 mm (67% of long-term
230 average) in the second year (May 2019-April 2020) (Fig. 2). In both years, the deficit was

231  especially prevalent in spring and summer. The average air temperature was 10.4 and 10.9 °C

8
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for year one and two, respectively. This is 1.7 and 2.2 °C above the annual mean temperature.

The water table was very variable at both the drained and the wet site.
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Abbildung 2 Fig. 2: a) Daily mean air temperature and daily precipitation. b) Daily mean water level in cm below soil surface.
Solid line shows AD, dashed line shows AW. Gaps are present because the water level fell below the deepest point of the well.

Flux measurements

In total, 1167 stem flux and 414 soil flux measurements were conducted. Soil as well as stem
CHy4 fluxes were significantly higher in AW than in AD (p < 2.2*107° and p = 8.5*10%,
respectively). During the study period, AD tended to show CH4 uptakeby the soil, with an
average flux of -0.07 + 0.12 mg m™ h'!, while CH4 exchange was not visible at the tree stems.
Meanwhile, CH4 emissions were temporarily high both from the soil and the stem surface in
AW (average = SD: 4.8 + 18.8 mg m? h'! and 0.07 £ 0.34 mg m™ h’!, respectively) without
showing a clear seasonal pattern. However, emissions from both stems and soil in AW were
very short lived and mostly lasted for only 6-8 weeks a year. The highest stem CH4 flux was
4.0 mg m? h'! (relative to stem area) on May 15™ 2018 while the highest recorded soil CH4 flux
was 132.4 mg m™ h™! on June 29" 2018 (Fig. 3). An intensive measuring campaign over 18
hours of high-frequency measurements showed no diurnal pattern of CH4 emissions from the
tree stems at AW (data not shown). Overall, CH4 emissions from the individual trees sampled

in AW differed significantly from each other (p = 3.2*107). Despite a trend of decreasing stem
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251  CHs4 emissions with increasing height (Fig. 4) the three different height groups were only
252 significantly different at one tree (p = 7.9%107?).
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254 Fig. 3: Seasonal course of CH4 emissions from a) tree stem chambers by their height on the stem and b) soil chambers from

255 AD and AW. Points indicate single measurements. Vertical grey bars depict period of leaf out and leaf fall. Horizontal blue bars
256 indicate period of inundation at AW. Note different y-axes on a and b.
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259 Fig. 4: Stem CH4 emissions by site a) AD and b) AW and height of chamber on the stem.
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At AW the diameter at breast height (DBH) had a significant impact on stem CHy fluxes (p =
3.2 *107%). During times when stem CHa emissions could be detected, a weak exponential linear
relationship between the height above the stem base (HASB) and stem emissions could be
observed (R2 0.12, p = 1.3*10°%). Due to the erratic patterns of the stem as well as of the soil
CH4 emissions, relationships between soil temperature or air temperature were not apparent.
However, a significant exponential linear relationship between water level and stem as well as
soil CHa emissions was observed at AW (R2=0.24, p=2.2*10"° and R2=0.22, p=1.8 * 10"},
respectively). Soil CHs4 emissions tended to be highest when the water level was just above the
soil surface, while stem CHs4 emissions were higher when the soil was inundated by

approximately 25 cm (Fig. 3).

CH4 budgets
Annual CH4 budgets differed strongly between stem and soil surfaces and between measuring

years at AW. During year one the soil CH4 budget for AW was higher than for the second year
by a factor of 20 (Table 1).

Table 1: Absolute annual balances of stem CH4 emissions (=SD) [kg ha'! a’!] and the relative share
[%] of AD and AW and year one and two. Based on upscaling approaches A1, A2 and A3.

AD
Year 1 Year 2
approach SOilabsolute | St€Mabsolute sharestem [%0] | SOilapsolute SteMabsolute sharesem [%]
Al -2.920.7 | 0.002+£0.002 0.07 -6.8+0.3 | 0.004%0.001 0.06
A2 -2.920.7 | 0.001£0.002 0.03 -6.8+0.3 | 0.004%0.001 0.07
A3 -4.1+£5.7 | 0.007+0.063 0.17 | -7.8413.2 | 0.005+0.020 0.05
AW
Year 1 Year 2
SOiIabsqute Stemabsolute Sharestem [%] SOiIabsqute Stemabsolute Sharestem [%]
Al 753193 1.2+0.1 0.16 51+£10 | 0.01+0.001 0.02
A2 753193 2+0.2 0.26 51+£10 | 0.07+0.002 0.14
A3 120+358 0.17+£0.75 0.14 20+120 | 0.004+0.014 0.02

All approaches yielded similar results in absolute balances as well as in the shares stem
emissions constitute. The overall shares of stem CH4 emissions were very low, not exceeding
0.26% 1in any of the upscaling approaches. Overall, the share of stem-mediated CH4 emissions

decreased strongly in the second study year, despite decreasing soil CH4 emissions.
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284  Additionally, shares of stem-mediated CH4 emissions at AD are lower than in AW, regardless

285  of the lower soil CH4 emissions.

286  Leaf fall

287  The incubation experiment revealed a clear enhancing effect of the addition of alder leaves on
288  the production potential of CHs. For incubations of Soil+Littercompination, CHa production
289  increased by 924% and 774% in AW and AD, respectively, compared to Souy+Leavesony (Fig.
290  5). An increase in CH4 production started following a four-day lag phase and peaked after 14
291  days. Thereafter, the production of CH4 decreased gradually and ceased after 30 days of
292  incubation. The production potential in Soil+Littercompinaiion did not differ significantly between

293  the sites.

294  However, soil CHj4 fluxes at both AD and AW showed no clear increase after leaf fall (Fig. 3).
295 In 2018, CH4 fluxes at AW were even slightly lower within four weeks after leaf fall compared
296  to the four weeks prior leaf fall (p = 3.3 * 10%). No significant difference of CH4 fluxes before
297  and after leaf fall could be observed at either of the other leaf fall events (AW in 2019, AD in
298 2018 or in 2019).
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302 Fig. 5: CHa production potential from both incubation treatments. Soil+Leavescombination and Soilonty + Leavesonty from both sites

303  (ADand AW).
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304 Discussion

305 The importance of stem-mediated CH4 emissions

306  Our results show that stems of mature black alder trees act as conduits for CH4 and can, at least
307  temporarily, contribute a relevant share of overall ecosystem CHs4 emissions. Overall, all
308  upscaling approaches gave similarly low shares of stem emissions compared to other studies
309  (Pangala ef al., 2013, 2015). Only in AD where soil CH4 exchange mainly consisted of CH4
310  uptake, the results of the three approaches differed up to one order of magnitude. Even during
311  the period of peak emissions in AW in spring 2018, ecosystem shares of stem CH4 emissions
312  were lower than 0.33 % due to the simultaneously very high soil CH4 emissions. Interestingly,
313 87 % of all stem CH4 emissions in year one occurred in a two-month period between May 1*
314  and July 1% of 2018 whereas only 7 % of the total soil CHs emissions were detected in the same
315  period (calculated using approach A1l). This suggests a potentially transient nature of stem CHy4
316  emissions. For future studies it would be interesting to estimate the share of stem-mediated CH4
317  emissions in a constantly inundated alder forest where stem emissions may persist while soil
318  emissions may be hampered by oxidation in the water column (Bastviken et al., 2002, 2008).
319  In such environments, the importance of stem-mediated CH4 emissions could be much higher.
320  As large parts of inundated swamps are covered by black alder and other wetland tree species,

321  these ecosystems may still be of high importance for the regional CH4 budget.

322  Individual soil CH4 fluxes during spring 2018 were extremely high compared to other studies
323  from temperate wetlands (Turetsky et al., 2014; Pangala et al., 2015). However, on average soil
324  CHs fluxes at AW in this study (4.82 mg m~ h') fit very well to the approximate mean (4.54

325 mgm?h?) for emissions from temperate peatlands (Turetsky et al., 2014).

326  Drained vs. undrained alder forest

327  Despite drought conditions in both study sites, the wet alder forest (AW) on average had
328  distinctively higher CHs4 emissions from soil and stems than the drained forest. The results
329  therefore support the high importance of water availability or water level for stem CHjy
330 emissions (Pitz et al., 2018; Barba et al., 2019; Schindler et al., 2020). Interestingly, stems at
331  AD did not emit CH4 and therefore did not offset the sink function of the soil, contrary to what
332  was found at other dry forests (Wang et al., 2016; Pitz & Megonigal, 2017).1t is possibly that
333  the trees were not connected to the groundwater as rooting depth of black alder varies
334  considerably (Pietzarka & Roloff, 2000), or that no CH4 was produced in the soil, due to low

335  carbon content in lower soil layers.
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336  The influence of inundation, drought, leaf out and leaf fall on stem CH4 emissions

337  Our data indicates that most likely a combination of inundation, increasing temperatures and
338 increasing physiological activity of vegetation and/or microorganisms leads to higher emission
339 rates of CHs from both soil and stem surfaces. This supports the most important influencing

340  factors for CH4 emissions from stems as found in other studies (Barba ez al., 2018).

341  In spring 2019 no emissions could be measured at the stem surfaces and soil fluxes showed
342 only arelatively small emission peak that wasof a lower magnitude than the emission maximum
343  in early 2018 (Fig. 3). This may indicate that the drier conditions and shorter period of
344  inundation in spring 2019 compared to 2018 lead to lower CH4 production in the soil, and that
345  possibly thresholds regarding the duration of inundation must be exceeded before stem CHy
346  emissions occur. Longer periods of inundation could be related to the time necessary for the
347  depletion of oxygen in the soil. Also, increases in methanogen activity may start with a lag time,
348 as shown in incubation experiments (Sun et al., 2012; Ye et al., 2015). During low
349  concentrations and production rates of CHg (in the soil) the dominating mode of transport inside
350 the tree is likely to be passive diffusion (Kutschera et al., 2016). Hence, it could be assumed
351  that in 2019 when fluxes and presumably soil CH4 concentrations were generally lower, the
352 CHs first degassed via the soil-atmosphere interface, because the mode of transport was
353 relatively slow. Contrastingly, in 2018 the CH4 concentrations were higher, potentially
354  triggering another mode of transport (Kutschera et al., 2016) from the roots to the trunk
355  bypassing potential oxidative layers leading to higher stem fluxes. This, however is based upon
356  the assumption that all CHs4 is produced in the soil. The uncertainty regarding the transport
357  processes again calls for future detailed parallel investigations of CH4 related processes in the
358  soil, pore water and stem. Ideally, also matter turn-over and microbial community should be

359  monitored in direct connection with flux measurements.

360 Climatic conditions during the study were very variable. generally, drought entirely stopped
361  CHj4 emissions from both stems and soil but fostered CH4 uptake in both sites. Conditions at
362 AW even changed so drastically that despite previously showing strong emissions in June 2018
363  the soil repeatedly turned to a sink in the following summer with a maximum uptake of -0.3 mg
364 m?2h'!in July 2019, similar to the uptake rate at AD. This effect could be explained by a high
365 abundance of methanotrophic Bacteria and Archaea at AW (Weil et al., 2020). Since global
366  warming increases climate variability and the likelihood for extreme events like drought and
367  strong precipitation (King & Karoly, 2017), the importance of stem CH4 emissions could be

368  changed drastically in the future. Thus, long term monitoring and understanding of the driving
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369  factors in variable environmental conditions is still important to estimate the impact of stem-

370  mediated emissions.

371  The observed emission peaks took place parallel to leaf out of the black alder, indicating that
372  through a rise in activity and transpiration rates inside the tree possibly more CH4 could enter
373  the tree. Sap flow as a meter for transpiration can act as an explanatory variable for stem CHy4
374  emissions (Barba et al., 2019). Further, the results of Barba et al. (2019) suggest that increasing
375  temperatures also directly lead to an increase in stem CH4 emissions. Thus, it is likely that a
376  combination of sufficient water availability, sap flow intensity and rising temperatures led to
377  peak stem CH4 emission in our study. Aside from sap flow intensity, stem CO> emissions could
378  be used as an indicator for respiration and hence indirectly for physiological activity of the tree
379  (Holttd & Kolari, 2009; Machacova et al., 2019), that may explain stem CH4 emissions (Barba
380 et al, 2017). However, in our study stem CO2 emissions at AW could only explain 1% of all
381  CHys fluxes larger than 0.1 mg m™ h! (tested with linear models, data not shown). Thus, stem
382  CHj4 emissions in our study seem to be independent from physiological activity of the tree .
383  This is further supported by our finding that fluxes did not vary over the course of the day (data
F84 not shown).

385  Additionally, our data suggests that individual differences in stem CH4 emissions between trees
386  can be large, despite all trees being of similar size and of the same species (Fig. 4). Thus, other
387  factors that were not considered in this study, both concerning the soil and the tree, may be of
388  importance for stem CH4 emissions. Microbiological community and microtopography may
389 influence local methanogenesis and, thus, pore water CH4 concentration in the rooting zone of
390 the tree (Pangala ef al., 2015; Terazawa et al., 2015). Physiological activity inside the tree
391  (Zeikus & Ward, 1974; Covey et al., 2012) or morphological parameters such as wood density
392  could be responsible for significant differences between individual trees (Pangala ef al., 2013).
393  Here it would be useful to expand the study over the entire stand and sample for stem diameter

394  and wood specific density.

395  Finally, as indicated by our incubation experiment leaf fall holds the potential to increase CH4
396  production, probably by providing fresh substrate for methanogenesis. However, the results
397  from the incubation are not directly transferable to the field, as fluxes measured in the field did
398 not increase in the weeks after leaf fall. In the field, both temperature and water availability
399 may have been limiting factors for methanogenesis despite the input of potential substrate.
400 Hence, it is unlikely that in temperate regions leaf fall alone leads to CH4 emission peaks.
401  Therefore, the long-term effects of leaves on CH4 emissions should be studied in the future
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402  through combination of multiple-site leaf-exclusion and incubation/mesocosm experiments.
403  Especially alder stands that are directly connected with constant water bodies such as rivers and
404  lakes — as is often the case in north and central Europe (Claessens et al., 2010) — hold the

405 potential of being a constant overlooked mediator of CHa.

406  Conclusion

407 Data from this and other studies show that forests must not be overlooked in global CH4
408 budgets. However, the importance of stem-mediated CHs4 emissions may vary considerably
409  between individual ecosystems, even if dominated by the same tree species. The present study
410 shows that the variability of stem and soil CH4 emissions cannot be explained by a single
411  influential factor and likely differs strongly across ecosystems. Further, the interplay of all
412  variables involved demands future investigations. Although our findings suggest the soil to be
413  the origin of the CH4 coming from the stems the observed variability of this emission path and
414 the unknown transport mechanism inside the tree clearly ask for more mechanistic research

415  within this topic.
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