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HIGHLIGHTS GRAPHICAL ABSTRACT

e Spatiotemporal variability of green-
house gas fluxes in tree stems is
understudied.

e We measured stem-atmosphere COo,
CH,4 and N5O fluxes in a boreal riparian
forest.
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ARTICLE INFO ABSTRACT

Editor: Charlotte Poschenrieder Tree stems exchange greenhouse gases with the atmosphere but the magnitude, variability and drivers of these
fluxes remain poorly understood. Here, we report stem fluxes of carbon dioxide (CO3), methane (CH4) and

Keywords: nitrous oxide (N2O) in a boreal riparian forest, and investigate their spatiotemporal variability and ecosystem

Greenhouse gas emission
Spatiotemporal variability
Flux chamber

level importance. For two years, we measured CO, and CHy fluxes on a monthly basis in 14 spruces (Picea abies)
and 14 birches (Betula pendula) growing near a headwater stream affected by historic ditching. We also measured
Bark N5O fluxes on three occasions. All tree stems were net emitters of CO, and CHy, while N3O fluxes were around
Forest floor zero. CO;, fluxes correlated strongly with air temperature and peaked in summer. CHy fluxes correlated modestly
Laser spectrometer with air temperature and solar radiation and peaked in late winter and summer. Trees with larger stem diameter
emitted more CO; and less CH4 and trees closer to the stream emitted more CO, and CH4. The CO, and CHy4 fluxes
did not differ between spruce and birch, but correlations of CO; fluxes with stem diameter and distance to stream
differed between the tree species. The absence of vertical trends in CO, and CHy4 fluxes along the stems and their
low correlation with groundwater levels and soil CO, and CHy4 partial pressures suggest tree internal production
as the primary source of stem emissions. At the ecosystem level, the stem CO, CH4 and N3O emissions repre-
sented 52 + 16 % of the forest floor CO, emissions and 3 + 1 % and 11 + 40 % of the forest floor CH4 and N5O
uptake, respectively, during the snow-free period (median + SE). The six month snow-cover period contributed
11 + 45 % and 40 + 29 % to annual stem CO, and CH,4 emissions, respectively. Overall, the stem gas fluxes were
more typical for upland rather than wetland ecosystems likely due to historic ditching and subsequent
groundwater level decrease.
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M. Klaus et al.
1. Introduction

Rising atmospheric concentrations of the greenhouse gases (GHG)
carbon dioxide (CO,), methane (CH,4) and nitrous oxide (N5O) arouse
concerns about the cycling of these gases through ecosystems. However,
our understanding of the global GHG cycle is limited by large un-
certainties in the relative contributions of individual sources and sinks
(Saunois et al., 2020). Forests are among the most important ecosystems
in the global GHG cycle (Pan et al., 2011), exchanging CO,, CH4 and
N5O through leaves, branches, stems, ground vegetation and soil (Dalal
and Allen, 2008). Tree stems are often neglected in forest GHG cycling
studies despite decades of research on stem CO; exchange (Geurten,
1950; Teskey et al., 2008), and recent discoveries in stem CH4 and N,O
exchange (Barba et al., 2019; Machacova et al., 2019). Many stems emit
CO4 and CHy4 with significant contribution to ecosystem scale budgets
(Flanagan et al., 2021; Machacova et al., 2019; Pangala et al., 2017;
Wang et al., 2016). Stem N3O fluxes are usually low, but can be
important under certain conditions (Machacova et al., 2019; Wen et al.,
2017). Despite its importance, stem GHG exchange is generally not
included in ecosystem and global GHG budgets (Covey and Megonigal,
2019; Friedlingstein et al., 2022; Saunois et al., 2020). Such efforts are
severely challenged by the high complexity of underlying mechanisms
and variability of fluxes in time and space (Barba et al., 2019).

In forest ecosystems, CO3 is mainly produced by aerobic respiration
and consumed by photosynthesis. CH4 is mainly produced by meth-
anogenesis under reducing conditions and consumed by methanotrophy
under oxidizing conditions. N2O is produced by several nitrogen turn-
over processes such as denitrification, nitrification-related pathways
(including ammonium oxidation and nitrifier denitrification), and
dissimilatory nitrate reduction to ammonium (cf. Hu et al., 2015). N2O
can also be consumed by denitrification, depending on redox conditions.
In stems, GHGs are produced or consumed by microorganisms (Putkinen
etal., 2021; Wang et al., 2016; Yip et al., 2019; Zeikus and Ward, 1974),
photochemical processes (Jeffrey et al., 2021; Vigano et al., 2008), plant
physiological processes (Keppler et al., 2006) or cryptogamic stem cover
(Lenhart et al., 2015; Machacova et al., 2017). GHGs may also be pro-
duced in the soil and then transported via roots through the transpira-
tion stream, intercellular spaces or air-filled aerenchyma into above-
ground stem tissues via diffusion, pressurized ventilation or mass flow
(Covey and Megonigal, 2019; Machacova et al., 2013; Maier et al., 2018;
Rusch and Rennenberg, 1998; Teskey et al., 2008). Some studies also
show CH4 and N,O uptake in stems through unknown mechanisms
(Machacova et al., 2021; Sundqvist et al., 2012). In light of these vari-
able mechanisms, there is still no general understanding of the extent to
which GHGs in stems originate from trees or soils (Barba et al., 2024,
2019). This calls for a diversity of case studies performed in different
ecosystems and under a wide range of environmental conditions that
may favor one or the other mechanism.

A key challenge in determining the magnitudes and drivers of stem
GHG fluxes is their high variability in time and space (Barba et al., 2024,
2019). Temporal variability has been attributed to temperature (Barba
et al., 2021; Moldaschl et al., 2021; Pitz et al., 2018; Terazawa et al.,
2015; Vainio et al., 2022), solar radiation (Machacova et al., 2019;
Vigano et al., 2008), soil moisture and ground water level (Machacova
et al., 2016; Pitz et al., 2018; Schindler et al., 2020), and/or soil GHG
concentrations (Machacova et al., 2013; Pangala et al., 2015; Terazawa
et al., 2015). Spatial variability has been attributed to tree species
(Machacova et al., 2019, 2016; Pitz et al., 2018), diameter at breast
height (dbh) (Pangala et al., 2015; Pitz and Megonigal, 2017; Wang
et al., 2017) and general soil wetness (Moldaschl et al., 2021; Pitz and
Megonigal, 2017). Most of these previous studies have focused on
relatively short, subseasonal periods (Barba et al., 2021). Seasonal pat-
terns, in particular the dormant winter period, remain largely unex-
plored, but could be significant for annual GHG budgets (Machacova
et al., 2019; Mander et al., 2022; Ranniku et al., 2023). Spatial vari-
ability has typically been studied within relatively homogeneous
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ecosystems such as uplands or wetlands (Pitz and Megonigal, 2017).
However, across ecosystems and their transition zones, patterns and
drivers are particularly complex but remain poorly resolved (Barba
et al., 2021; Terazawa et al., 2015). Hence, longer-term studies across
different ecosystems are needed to expand the range of conditions that
potentially shape temporal and spatial variation in stem GHG fluxes.

Riparian ecosystems, the interface between uplands and wetlands,
cover 2 Mha globally (Tockner and Stanford, 2002) and exhibit partic-
ularly strong spatiotemporal variability in hydrological and biogeo-
chemical conditions that promote hotspots of GHG cycling (McClain
et al., 2003; Vidon et al., 2010). Studies from riparian ecosystems have
been performed in hemiboreal, temperate and tropical biomes and show
both emissions and uptake in stems (Flanagan et al., 2021; Mander et al.,
2022, 2021; Moldaschl et al., 2021; Pitz et al., 2018; Schindler et al.,
2020; Terazawa et al., 2021, 2015). However, these results cannot
necessarily be transferred to other systems such as the boreal biome. In
boreal riparian forests, GHG cycling can be expected to be particularly
variable because of large seasonality in temperature and a dynamic
snowmelt-dominated hydrological regime where GHGs in groundwater
could be a potential source of stem GHG emissions (Schindler et al.,
2020). Boreal riparian forests are abundant particularly along headwa-
ters that cover a major proportion of the river networks (Laudon et al.,
2022; Tockner and Stanford, 2002). Hence, boreal riparian zones pro-
vide an ideal setting to study patterns and drivers of stem GHG fluxes.

Many boreal riparian forests are subject to human activities that may
modify GHG cycling. For example, many streams in Fennoscandia have
been subject to ditch trenching to increase drainage aiding regeneration
and forest productivity (Laudon et al., 2022). This has decreased
groundwater levels with potential effects on soil redox conditions and
GHG cycling (Laudon et al., 2023). Large parts of the world's boreal
forests are managed and harvested by clear-cutting and an important
conservation practice is to protect adjacent water bodies and wetlands
from impacts of clear-cutting (Kuglerova et al., 2020). Therefore, a
fringe of trees are usually left uncut, forming riparian buffer zones be-
tween clear-cuts and water bodies. Riparian buffer zones and ditching
have been evaluated for their impact on many ecosystem services such
as water or nutrient retention (Gundersen et al., 2010; Maher Hassel-
quist et al., 2021). However, the importance of riparian buffer zones and
historic ditching for GHG fluxes in riparian forests, and stems in
particular, is unknown (Laudon et al., 2023; Silverthorn and Richardson,
2021).

Here, we measured stem and forest floor fluxes of CO,, CH4 and N,O
in a riparian boreal forest buffer zone over two years. Our data had
different temporal and spatial resolution for different gases and com-
partments and, accordingly, allowed us to explore (1) the magnitude and
variability of stem fluxes of CO2, CH4 and N30; (2) the main drivers of
stem CO, and CH4 fluxes in time and space; (3) the potential origin of gas
production; (4) the importance of the snow-cover period for annual stem
CO4 and CHy4 fluxes; and (5) the importance of stems relative to the
forest floor for ecosystem scale COy, CH4 and N3O fluxes during the
snow-free period. We test the following hypotheses:

H1. Tree species, dbh and distance to stream explain the spatial vari-
ation of stem CO, and CH4 fluxes.

H2. Air temperature, solar radiation, groundwater level and soil CO,
and CH4 partial pressures (pCO2, pCH4) explain the temporal variation
of stem CO5 and CH, fluxes.

H3. If stem CO,, CH4 and N2O emissions decrease with stem height,
emissions may originate from CO;, CH4 and N3O in soils. Additional
support may be provided by a positive relationship between soil pCO»
and pCH4 or groundwater level, and stem CO, and CH4 emissions,
respectively.

H4. The snow-cover period contributes significantly to annual stem
CO4 and CHy fluxes.



M. Klaus et al.

H5. During the snow-free period, stem CO,, CH4 and N3O fluxes can
substantially contribute to ecosystem scale fluxes, such as forest floor
fluxes.

Relative to published work, our study system is unique with respect
to its high latitude and the riparian forest management history (Section
2.1). We therefore put high emphasis on discussing our findings in the
context of other studies from boreal and hemiboreal upland, riparian
and wetland forests and temperate riparian forests.

2. Materials and methods
2.1. Study site

The study was performed in a boreal riparian forest in northern
Sweden (64.17°N, 19.84°E, 214-219 m.asl., Fig. 1)(Kuglerova et al.,
2022). The area has a boreal humid climate with an annual temperature
of 1.8 °C, annual precipitation of 614 mm (means during 1981-2010)
and six month of snow cover (Laudon et al., 2013). Soils are charac-
terized by nutrient poor podzol on glacial till. The forest is drained by a
headwater stream that was trenched to ca. 1 m depth at some time be-
tween 1924 and 1939 (Norstedt, Gudrun, unpublished). On each side of
the stream, riparian buffer zones of 5 m and 15 m width were created
after the adjacent forest was clear-cut in February 2021 (Fig. 1b). The
buffer widths are representative for Fennoscandia and North America
(Kuglerova et al., 2020). Across the riparian buffer zone, organic layers
decrease from 30-70 cm to 10-20 cm and mean groundwater tables
increase from —70 to —50 cm with increased distance from the stream
(Fig. S1). The riparian buffer zones consist mainly of Norway spruce
(Picea abies (L.) H. Karst.), but also of silver birch (Betula pendula Roth)
and a few Scotts pine (Pinus sylvestris L., Table S1). The tree species
distribution is representative for Swedish riparian buffer zones (Maher
Hasselquist et al., 2021). Tree ring inventories on stumps in the adjacent
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clear-cut suggest that most trees started growing in 1913. The ground
vegetation was dominated by mosses (Polytrichum spp. Hedw.,
Sphagnum spp. L.) and dwarf shrubs (Vaccinium myrtillus L., Vaccinium
vitis-idaea L.), a sparse cover of forbs (Linnea borealis L.), silver birch
seedlings and several species of grasses. Tree bark was sparsely covered
by cryptogams (average coverage <10 %, dominated by Hypogymnia
physodes (L.) Nyl., Parmeliopsis ambigua (Wulfen) Nyl., and Parmeliopsis
hyperopta (Ach.) Arnold) (Table S2).

2.2. Overview of the sampling program

Sampling was performed approximately monthly from May 2021 to
May 2023 between 9 am and 4 pm, totaling 26 occasions. Sampling
covered spring (March-May), summer (June-August), autumn (Sep-
tember-November) and winter (December-February). During spring
snowmelt 2022, we sampled biweekly to capture flood dynamics. Snow
conditions prevented us from sampling in December 2021 and January
2022. We avoided heavy rain to prevent damage to field equipment, but
acknowledge their potential effect on stem GHG fluxes (Barba et al.,
2021; Sakabe et al., 2021). During each field visit, we measured stem
CO4 and CH4 fluxes. During the snow-free period (June-October), we
also measured forest floor CO; and CHy fluxes within +1 day of stem
measurements. From February to October we sampled the soil gas at-
mosphere. During three occasions (June, August, October 2021), we
measured stem and forest floor N2O fluxes. We performed all calcula-
tions and statistical analyses using R v.4.3.1 (R Development Core Team,
2023).

2.3. Flux chamber design

We determined CO3, CHy and N»O fluxes using the closed static
chamber method (non-vented, non-steady-state flow-through chambers)
(Livingston and Hutchinson, 1995). We included 7 silver birch trees and

N m
100 200

]

Fig. 1. Maps and photographs of the study site and sampling equipment. a) Location in Sweden, b) aerial photograph of the study area, taken before clearcutting,
with land cover, 5 and 15 m wide riparian buffer zones and watershed delineation, c) flux chambers and soil gas probes, with height contours in m a.s.l.; the extent of
the study area is marked by a white frame in b), d) stem flux chamber vertical profiles, ) winter and f) summer stem flux chamber measurements, g) forest floor flux

chambers covered with opaque quilts to shut off photic processes.
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7 Norway spruce trees in each buffer zone, totaling 28 trees (Fig. 1c). We
selected all birches in the 5 and 15 m buffer zones, and for each birch, we
selected a spruce within <8 m to reduce site-specific factors in species
comparisons. On each tree, we installed two transparent stem chamber
collars (Text S1) at 30-40 cm above ground at opposite sides (90-180°
from each other) to capture radial variability (Barba et al., 2019). In four
trees (one per species and buffer zone), we installed additional chamber
pairs at 80-90 cm and 150-160 cm height to evaluate vertical trends and
inform upscaling to whole trees (Fig. 1d). We measured forest floor
fluxes at 12 plots within <24 m from the studied trees using transparent
chambers (Text S1) covered with an opaque quilt to block out sunlight
(Fig. 1c, g). Hence, forest floor measurements excluded photic processes,
in contrast to the stem measurements. To account for this difference, we
evaluated the effect of darkening on stem and forest floor CO5 and CH4
fluxes through additional campaigns (Text S2).

2.4. Flux measurements

We estimated CO, and CHy4 fluxes from respective concentration
measurements inside the chamber pairs after closing them airtight with
lids and interconnecting them in a closed loop (Fig. 1f). We measured
the concentrations for 5-10 min (stems) and 5 min (forest floor) at 0.5
Hz using a laser spectrometer (Ultra-Portable GHG Analyzer, Los Gatos
Research, San Jose, CA, USA). During each occasion, we measured all
chambers on the same day following a fixed semi-randomized order,
starting with the northern half of the 5 m buffer zone, then moving to the
northern half of the 15 m buffer zone, the southern half of the 5 m buffer
zone and finally the southern half of the 15 m buffer zone. This setup
compromised between minimizing logistical efforts and assuring an
equal distribution of daytimes across all trees/plots, even though diurnal
variation in stem GHG fluxes is likely small in boreal/riparian forests
(Mander et al., 2022; Schindler et al., 2021; Terazawa et al., 2015;
Vainio et al., 2022).

We estimated stem and forest floor NoO fluxes through manual
sampling (Machacova et al., 2016). We sampled chamber air using a gas-
tight syringe after flushing it with sample gas. We injected the samples
into pre-evacuated 22 ml glass vials sealed with aluminum caps and
butyl rubber stoppers. For the tree chambers, we took bulk samples (2 x
10 ml from each chamber of the same height level) at 1, 60, 120 and 180
min after closure. For forest floor chambers, we sampled 30 ml at 1, 15,
30 and 45 min after closure.

2.5. Soil gas sampling

We sampled soil gas using 24 soil gas probes (Text S3), located along
four transects at distances of ~3, 6 and 16 m from the stream and at
depths of 0.5-1 m and 0.7-1.3 m (Fig. 1c). We chose these depths to
cover the Bs and C horizon, respectively, and the upper and lower end
where fine roots are present (Fig. S8) and potentially take up GHGs from
groundwater, the hypothesized main source of GHGs emitted from ri-
parian trees (Sakabe et al., 2021). We sampled the gas probes by
injecting 10 ml of ambient air through an inlet and simultaneously
withdrawing 10 ml sample air through an outlet using two gas-tight
syringes. We injected the sample air into evacuated glass vials that
were pre-filled with 10 ml Nj.

2.6. Gas analysis

We analyzed soil probe and flux chamber gas samples on partial
pressures pCO,, pCH4 and pN2O within 1-2 weeks after sampling using a
gas chromatograph (Clarus 580 with a Turbomatrix 110 Headspace
autosampler, PerkinElmer, Shelton, CT, USA) by separation on an Elite-
PLOT Q30m, 0.53mmID, 20 pm df column. Gases were separated at
30 °C using N3 (10 psi) as carrier gas. CO2 and CH4 was detected with a
Flame ionization detector containing a methanizer (350 °C, Hy and air at
45 and 540 ml min~?, respectively). N,O was detected with an Electron
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capture detector (375 °C) with an Ar/CH4 90 %/10 % mixture as make-
up gas. The analytical accuracy was <5 % for all gases.

2.7. Ancillary data

We measured air temperature (T,) and surface incoming shortwave
solar radiation (SIS) every 30 min 1 km from our study site (64.175°N,
19.862°E, 186 m.asl.). We used a temperature probe in a 10-Plate Solar
Radiation Shield (HC2S3 and 41003-5, Campbell Sci., Logan, UT, USA)
and a net radiometer (NRO1, Hukseflux, Delft, NL). We measured
groundwater level (WL) and groundwater temperature (Tg) every hour
using pressure data loggers (Levellogger® 5, Solinst Canada Ltd.,
Georgetown, CA) placed at the bottom of fully-screened high-density
polyethylene wells (32 x 25 mm diameter, Unoson Environment AB,
Molnlycke, Sweden) extending 120 cm into the ground. We deployed
four loggers, one in each soil gas probe transect at 3 m from the stream
(Fig. 1c). We filled a few gaps in the time series data (Text S5). We also
approximated groundwater levels manually during every field visit in 24
additional wells screened across the bottom 10 cm at the same locations
and depths as the soil gas probes. During the snow-free period, we
measured soil temperature (Digital Thermometer Model 3527A, Tsur-
uga Electric Corporation, Osaka, Japan) and soil moisture (ML3 The-
taProbe with a HH2 Soil Moisture Meter, Delta-T Devices Ltd.,
Cambridge, UK) at 5 cm depth at 10 cm distance from every side of the
forest floor chamber collars. Soil temperature and moisture is often
related to stem GHG fluxes (Barba et al., 2019) and here correlated
strongly with continuously measured T, and WL (ordinary least-squares
linear regression, coefficient of determination R? = 0.89 and R? = 0.66,
respectively, Fig. S3). We used the latter in further analyses because they
were available for the full data record.

2.8. Flux calculations

We calculated the flux F between stems or the forest floor and the
atmosphere using the R-package ‘FluxCalR’ (Zhao, 2019) as

F=V/(RxTxA)xAp/At x p 1)

where V is volume of the flux chamber including all tubings and the
measurement cuvette of the analyzer, R is universal gas constant, T is
ambient temperature, A is flux chamber basal area, Ap/At is rate of gas
partial pressure change over time t, and p is air pressure. F > 0 denotes
gas emission to the atmosphere and F < 0 denotes uptake from the at-
mosphere. We computed Ap/At using linear ordinary least squares
regression. For CO2 and CH4, we used regression windows of 3-7 min.
For N3O, the regression included four manual samples. The mean + SD
R? for stem and forest floor fluxes was 0.96 + 0.15 and 0.98 + 0.03 for
CO2, 0.31 + 0.30 and 0.86 + 0.18 for CHy4, and 0.37 4+ 0.33 and 0.42 +
0.32 for N3O respectively. We evaluated the quality of flux estimates
using the minimum detectable flux (MDF) (Christiansen et al., 2015;
Nickerson, 2016)

a
MDF=———V / (RxTxA)x @)
e /( )% p

where a is analytical accuracy (300, 2 and 17 ppb for CO,, CH4 and N0,
respectively), t. is chamber closure time and p; is sampling periodicity.
The mean + SD MDF for stem and forest floor fluxes was 0.39 + 0.40
and 2.11 + 0.74 nmol m~2 s™! for CO,, 2.50 + 2.57 and 28 + 7 pmol
m 257! for CHy, and 5.9 + 1.4 and 38.7 + 2.6 nmol m2 s ! for N,0,
respectively.

2.9. Analysis of environmental drivers

We evaluated environmental drivers of spatial and temporal vari-
ability in CO3 and CHy fluxes by fitting a series of regression models
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following standard procedures (Zuur et al., 2009). To evaluate drivers of
spatial variability in gas fluxes among trees (H1), we fitted linear mixed
effects models using the ‘lme’ function of the R package ‘nlme’ (Pinheiro
and Bates, 2023). As fixed effects, we included tree species, dbh, dis-
tance to stream (d) and T,. We also included three-way interactions of
species and T, with either dbh or d, and all respective two-way in-
teractions, to explore expected differences in spatial patterns among tree
species and throughout the year (Barba et al., 2021; Terazawa et al.,
2015). As random effect, we included sampling occasion. Note that in
this analysis, T, effects relate to different time scales depending on
whether it is included in interactions or as a single effect. In interaction
with dbh and d, T, reflects the effect of seasonal variation. As a single
effect, T, reflects the effect of diurnal variation. To meet assumptions on
normality and homogeneity of residuals, we applied the signed square
root transformation to fluxes and report original and back-transformed
model parameters. We performed a reduction process to find the most
parsimonious model, starting with the full model and removing stepwise
the least significant fixed effect, prioritizing interactions, until model fits
did not improve anymore. We evaluated models using Akaike Infor-
mation Criterion (AIC), a measure of model fit relative to complexity.

We evaluated environmental drivers of temporal variability in CO;
and CHy fluxes (H2) using generalized least squares regression. We
performed this analysis based on stand-scale arithmetic mean values to
acknowledge uncertainties in tree-specific environmental conditions
that were not resolved here. We hypothesized temperature to be the
main driver, based on biochemical kinetic theory (Yvon-Durocher et al.,
2014), and hence fitted the data to an exponential model F = j x
exp(k x T,), where j and k are parameters. We fitted this model sepa-
rately for birch and spruce using the ‘nls’ function in R. We also report
the proportional change of F for a 10 °C temperature increase Qo =
exp(10k). We regressed the residuals of the F-T, relationship against WL,
Ty, SIS and pCO; or pCHy in the Bs horizon. We performed the regression
using the ‘gls’ function from the R package ‘nlme’ (Pinheiro and Bates,
2023). In order to find the most parsimonious model, we fitted models
with all possible combinations of predictors and ranked them based on
AIC using the ‘dredge’ function from the R package ‘MuMIn’ (Barton,
2023).

We evaluated the fits of the most parsimonious models by regressing
observed against predicted values using ordinary least squares regres-
sion using the R function ‘lm’. To characterize the fit of ordinary least
square regression models, we report the R% For non-linear and gener-
alized least square regressions we report the R? of the ordinary least
square regression of observed vs. predicted values and denote it RI%. We
tested for deviation of this regression from the 1:1 line as indicated by a
significant intercept of this regression, and a significant slope of the
regression of measured values minus predicted values vs. predicted
values (Pineiro et al., 2008). For mixed effects models, we report the
fraction of variance explained by fixed effects (marginal R%, R2) and by
fixed and random effects (conditional R?, R?), using the function ‘r.
squaredGLMM’ of the R package ‘MuMIn’ (Barton, 2023). For details on
model evaluation, see Text S6.

2.10. Vertical trends

To evaluate the origin of stem GHG emissions (H3), we assessed
vertical trends with stem height. We fitted exponential regression
models, assuming that fluxes decrease most rapidly with height near the
ground (Mander et al., 2022; Sjogersten et al., 2020; Tarvainen et al.,
2018; Vainio et al., 2022). We fitted F = a x exp( — b x h), where h is
height above ground and a and b are parameters. We fitted the model
separately for birches and spruces using the ‘nlme’ function in the R
package ‘nlme’ (Pinheiro and Bates, 2023), accounting for ‘tree’ as a
random effect on a and b. Where necessary, we also accounted for serial
correlation (Text S6). We did not find any clear seasonality in vertical
trends and therefore lumped all data together.
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2.11. Upscaling

We scaled stem area specific fluxes to the ecosystem ground area
(Machacova et al., 2016), separately for birches and spruces and for the
snow-free period (June-October) and the full year (H4). We assumed
that near ground fluxes (h = 0.35 cm) were representative for the whole
tree, because we did not find any exponential decrease with h (Section
3.3). We calculated ecosystem-scale stem fluxes per unit ground area as
the product of the fluxes per unit stem area, the arithmetic mean stem
area per tree, and the number of trees per hectare (Table S1). We
calculated stem surface area using tree height and dbh, assuming a right
circular cone shape. We calculated annual fluxes using a median, where
each observation was weighted by the average number of days to the
previous and consecutive sampling (Moldaschl et al., 2021). This pro-
cedure accounts for the variable sampling interval during the snow-
cover period (26 + 22 days). We calculated snow-free period fluxes
using a regular median, because sampling occurred more regularly (32
+ 5 days). For the snow-free period, we compared ecosystem scale fluxes
in stems and the forest floor (H5). We expressed forest floor fluxes per
unit ground area after subtracting the stem basal area. Note that the
upscaled fluxes generally refer to ambient light conditions during field
sampling. For the ‘ambient light’ estimate, we multiplied forest floor
fluxes measured under light exclusion by the average ratio of fluxes
under ambient light and light exclusion (Fig. S4). For comparison, we
also report CO5 and CH4 fluxes under light exclusion and regard the true
annual flux to lie in between the reported boundaries. For the ‘light
exclusion’ estimate, we multiplied stem fluxes measured under ambient
light by the average ratio of fluxes under light exclusion and ambient
light (Text S2, Fig. S7). We assume that these ratios are constant in space
and time.

3. Results
3.1. Environmental conditions

Throughout the study, SIS varied from 0 to 800 W m~2, T, varied
from —25 to 30 °C and Ty varied from 1.6 to 8.6 °C (Fig. 2). WL was as
low as —1.17 m during winter base flow and as high as —0.04 m during
floods. Snow was present between October and May and peaked at
around 60 cm in April. Stem flux sampling covered the annual range in
SIS, Ty and WL. Daytime sampling resulted in an overrepresentation of
relatively well-lit and warm periods.

Soil pCO,, pCH4 and pN»O varied from 6000 to 29,000 ppm, 0.8 to 8
ppm, and 0.1 to 10 ppm, respectively, as medians among sites, with
highs during winter and summer and lows during spring and autumn
(Fig. 2f-h). Relative to atmospheric levels, the soil was enriched in CO5
and both enriched and depleted in CH4. N2O was near equilibrium in
2021 and enriched afterwards. Overall, the Bs and C horizon showed
similar patterns. Variation between sites was similar (COy, N3O) or
larger (CHy4) than the seasonal variation of medians among sites. pCO- in
the Bs and C horizon, and pN2O in the Bs horizon decreased with dis-
tance to stream (Fig. S5). pCH4 in the Bs and C horizon and pN3O in the C
horizon showed no relationship with distance to stream. 82 % of all soil
gas samples were below the groundwater table at the time of sampling.

3.2. Stem and forest floor fluxes

We collected 1969 stem CO5, CH4 and N,O flux estimates (n = 911, n
= 940, n = 108) of which the majority showed emissions (98.4 %, 86.6
%, 56.5 %, respectively). CO, fluxes varied on a seasonal basis with
highs of 2-3 pmol m 2 s~! during mid-summer and lows of <0.1 pmol
m2s! during mid-winter, as a median among individuals (Fig. 3a).
CH4 fluxes showed more complex patterns with highs of 0.05-0.1 nmol
m~2 57! during spring and summer, and lows of +0.02 nmol m~2 s~}
during autumn and winter (Fig. 3b). As a median across sampling dates,
CO, emissions varied by a factor of five among individual trees. During
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Fig. 2. Time series of environmental conditions. a) surface incoming shortwave solar radiation (SIS), b) air temperature (T,), ¢) groundwater temperature above 1.2
m depth (Ty), d) groundwater level (WL), e) snow depth, f) soil pCO,, g) soil pCH,4 and h) soil pNO. In a) and b) lines and grey shading show 2-day running means
and 30 min measurements, respectively, and red shadings mark gap filled data. Lines and grey shading in c¢) and d) show means and SDs over 1 h measurements of
four groundwater wells, respectively. Kernel density plots in a)-d) show frequency distributions of the whole study period (grey shading) and the sampling occasions
(blue shading). Boxplots and grey shading in e) show measurements at the study site and daily recordings at the nearby (8.5 km) Svartberget research station,
respectively. Boxplots in f)-h) show variability among all gas probes in the Bs and C horizon for each sampling occasion. Dashed horizontal lines mark the global
average atmospheric gas partial pressure during 2021-2023 (Lan et al., 2024; Lan and Keeling, 2024). Red axis marking covers partial pressures outside the cali-
bration interval. Green shading in all-time series plots mark the growing season (bound by first/last period of at least five consecutive days with mean T, > 5 °C).
Boxplots show medians (thick line), interquartile ranges (box), 1.5 times interquartile ranges (whiskers) and outliers (circles) among sampling sites. Boxplot location

in f)-h) was jittered along the time axis per sampling occasion for better visibility.

the ten occasions when all trees emitted CHy4, the CH4 emissions varied
up to 27-fold among trees. In autumn and winter, CH4 could be both
taken up or emitted at 0.1 nmol m~2s~%. All CO, and CH, fluxes were
above MDF. N3O fluxes during the snow-free period 2021 averaged
around 2 pmol m~2 s~! with an approximate range of +10 pmol m 2 s~
(Fig. 3c). 0 %, 6 % and 63 % of all stem CO,, CH4 and N,O fluxes,
respectively, were below MDF.

The forest floor showed emissions of CO, and uptake of CH4 during
the snow-free period. The CO, fluxes showed highs of 2-6 pmol m 2 s~}
during mid-summer and lows of 1-2 pmol m2s7! during spring and
autumn, as a median among sampling sites (Fig. 3a). The CHy fluxes
showed no clear seasonal pattern and ranged from —0.5 to —1.5 nmol
m2s7! (Fig. 3b). Fluxes varied 5-fold among sites for CO, and 6-fold for
CH4, as a median across sampling dates. Forest floor N2O fluxes during
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Fig. 3. Flux of CO, (a), CH,4 (b) and N5O (c) in birch and spruce stems, as well as the forest floor, expressed per m? of stem area and forest floor, respectively. Boxplots
show medians (thick line), interquartile ranges (box), 1.5 times interquartile ranges (whiskers) and outliers (circles) among sampling sites. Boxplot location was
jittered along the time axis per sampling occasion for better visibility. Green shading shows the growing season. Grey shading shows the snow cover period. Dark
green shading shows growing season with snow cover. Note the signed square root scale. Green and orange markings at the y-axis cover fluxes below the average
MDF for stem and forest floor fluxes, respectively. Note that forest floor measurements represent darkened conditions and that N,O fluxes were only measured during

the growing season 2021.

the snow-free period averaged around —2 pmol m 2 s! with an
approximate range of 300 pmol m~2 s™! (Fig. 3c). 0 %, 0 % and 46 %
of all forest floor CO3, CH4 and N3O fluxes, respectively, were below
MDF.

3.3. Vertical trends in stem fluxes

The vertical profiles in GHG fluxes showed no consistent trend with
height (Fig. 4) and generally, the nonlinear regression models did not
yield any significant exponential trends (Table S3). An exception was
CH4 fluxes in birch that increased with height (p = 0.02). Yet, the
exponential model had a poor fit (Rﬁ = 0.16), which we interpret as an
absence of vertical trends.

3.4. Environmental drivers of spatial variations in stem fluxes

The CO, stem fluxes varied among trees depending on dbh and dis-
tance to stream (d) in interactions with tree species and T, (Fig. 5a—d,
Table S4). According to the model intercept that represents theoretical
reference conditions (T, = 0 °C, dbh = 0 cm, d = 1 m), birches and
spruces emitted similar amounts of CO2, 0.118 and 0.068 pmol m~2 s_l,
respectively (averages, here and onwards). For a 10 cm increase in dbh,
CO,, emissions increased by 0.035 pmol m~2 s™! and 0.026 pmol m ™2

!, respectively. This dbh effect increased further by 0.024 pmol m 2
s! and decreased by 0.018 pmol m 2 s~} respectively, for a 10 °C in-
crease in T,. For a 10-fold increase in d, CO, emissions decreased by
0.063 pmol m~2 s~! for birches, but increased by 0.094 pmol m 2 s~ for
spruces. This trend with d was independent of T, in birches, but
increased by 0.059 pmol m~2 s~! in spruces for a 10 °C increase in T,
Hence, higher temperatures generally amplified the spatial patterns of
CO; fluxes. The model that described spatial patterns in COy fluxes
explained 49.9 % of variation and the fixed effects explained 45.7 %.

Stem CHj fluxes varied significantly among trees depending on dbh,
d and T, (Fig. 5e-h, Table S4). Birches and spruces emitted similar
amounts of CHy, 0.036 nmol m~ 257! at theoretical reference conditions.
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Fig. 4. Stem flux of CO (a), CH4 (b) and N»O (c) as a function of height above
ground for two spruces and birches. Boxplots show medians (thick line),
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(circles) of 26 CO, and CH4 sampling occasions and three N,O sampling oc-
casions. Green axis marking covers fluxes below the average MDF. Note the
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Fig. 5. Variation of stem CO, and CH4 fluxes relative to diameter at breast
height (dbh) and distance to stream (d) for birch and spruce. Circles show in-
dividual tree observations. The colored lines show linear regressions among
individual trees for each sampling occasion with color gradient indicating mean
air temperature. Green marking at the y-axis covers fluxes below the average
MDF. Note the signed square root scale for CO, and CH4 fluxes and the log;o
scale for d.

For a 10 cm increase in dbh, CH4 emissions decreased by 0.006 nmol
m~2 s~L. For a 10-fold increase in d, the CH4 emissions decreased by
0.015 nmol m~2 s™1. CH,4 emissions also increased by 0.018 nmol m™2
s~! for a 10 °C increase in T,. The model that described spatial patterns
in CH4 fluxes explained 6.5 % of variation and the fixed effects explained

2.2 %.

3.5. Environmental drivers of temporal variations in stem fluxes

Stand-scale average stem CO; and CHy fluxes increased

Science of the Total Environment 954 (2024) 176243

exponentially with T, (Fig. 6a, c). The CO, fluxes were more tempera-
ture sensitive than CHy4 fluxes in both birch and spruce, indicated by
higher Q¢ (2.45 vs. 1.39 and 2.54 vs. 1.45, respectively, Table S5) and
better model fits (Rﬁ =0.90vs. 0.23 and RI% =0.92 vs. 0.21, respectively,
Table S6). After accounting for T, effects, the residual variation was best
explained by linear effects of WL and SIS (Tables S7-S8). Residual CO4
fluxes in birch and spruce increased by 0.18 and 0.23 pmol m~2 571,
respectively, for a 1 m WL rise, but the explained variance was low
(Fig. 6b, Rg = 0.06 and Rg = 0.04, respectively). Residual CH4 fluxes
increased by 0.0073 and 0.0065 nmol m 2 s}, respectively, for a 100 W
m~2 increase in SIS (Fig. 6d, RI% =0.11 and R;‘,’ = 0.30, respectively). Soil
pCO2 and pCH4 had negligible effects on stem fluxes (Table S7, Fig. S6).

3.6. Upscaling

During the six month long snow-free period, birches emitted 210 +
68 kg CO,-C ha™1, 0.006 + 0.003 kg CH4-C ha! and 0.09 + 0.43 g N,O-
N ha™!, and spruces emitted 1084 + 322 kg CO,-C ha™! yr™!, 0.037 +
0.009 kg CH4-C ha™! yr! and 3.25 + 5.76 g NoO-N ha™! (weighted
median + standard error, expressed per forest ground area, Table 1).
Birch and spruce stems together offset the CO4 source and CH4 and N3O
sink strength of the forest floor (equal to 100 %) by 52.1 + 16.0 %, 2.5
+ 0.6 % and 11.3 + 39.5 %, respectively. These numbers refer to
ambient light conditions during our measurements and would deviate
by up to 5-36 % under light exclusion (Table 1).

Spruce dominated over birch, with a contribution of 82-97 % to total
birch and spruce stem CO,, CH4 and N3O fluxes (Table 1), mainly
because of their larger stand density and stem surface area (Table S1).
The snow-free period contributed 83-95 % and 52-68 % to annual birch
and spruce stem CO5 and CH4 emissions, respectively. Uncertainties in
fluxes were large, especially for NO, as indicated by standard errors
among individual trees and sampling occasions being 12-459 % of
medians.

4. Discussion
4.1. Tree stems as emitters of CO2 and CHy

Stem GHG fluxes in our study showed many similarities, but also
distinct differences to previous relevant studies because of its unique
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Fig. 6. Effect of environmental conditions on stem fluxes of CO; (a, b) and CH4
(c, d). Shown are the primary exponential effects of air temperature (T,) (a, ¢)
and residual linear effects of groundwater level (WL, b) and surface incoming
shortwave solar radiation (SIS, d). Points are stand-scale averages for each
sampling occasion. Lines show regression fits and shadings show 95 % confi-
dence intervals. The color code is consistent for points, lines and shadings.
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Table 1
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CO,, CH,4 and N»O fluxes for stems and the forest floor, upscaled to the ecosystem level and the snow-free and annual periods. Given are median + standard error (SE)
values of sampling occasion and tree-specific flux estimates, weighted by the average time in between consecutive samplings and using standard rules of error
propagation. Hence, the error term of upscaled gas fluxes integrates variability among trees and over time. Fluxes are expressed per unit ground area and per sampling
period (snow-free and annual). The relative contribution of period- or system specific fluxes to annual or total fluxes are also given for selected comparisons. Note that
estimates generally refer to ambient light conditions during field sampling. For CO, and CH, fluxes estimates are also given for light exclusion conditions (in brackets),
where appropriate (Text S2). No light exclusion data was available for N,O fluxes and light exclusion effects were assumed to be negligible. NA is not available.

Period System CO, CH,4 N,O
Median SE Median SE Median SE
Ecosystem scale flux kg C ha™! period™* kg C ha™! period™! g N ha ! period ™’
Snow free Forest floor 2485 (3333) 427 (489) —1.745 (—1.281) 0.209 (0.143) —29.65 90.39
Birch 210 (222) 68 (83) 0.006 (0.005) 0.003 (0.003) 0.09 0.43
Spruce 1084 (1148) 322 (401) 0.037 (0.031) 0.009 (0.010) 3.25 5.76
Annual Forest floor NA NA NA NA NA NA
Birch 223 (236) 96 (110) 0.012 (0.010) 0.005 (0.005) NA NA
Spruce 1300 (1376) 462 (551) 0.055 (0.046) 0.018 (0.017) NA NA
Period System CO, CHy4 N,O
Median SE Median SE Median SE
Relative contribution %
Snow free Total tree: Forest floor 52.1 (41.1) 16.0 (13.7) —-2.5(-2.9) 0.6 (0.9) -11.3 39.5
Spruce: Total tree 83.8 6.7 85.3 7.1 97.2 13.8
Annual Spruce: Total tree 85.4 7.8 81.7 8.9 NA NA
Snow free:Annual Birch 94.5 51.0 52.1 30.8 NA NA
Spruce 83.4 38.6 68.2 27.5 NA NA

setting in a managed boreal riparian buffer zone. We found that stems
emitted CO, similar to previous boreal studies (Machacova et al., 2019;
Marshall et al., 2023; Ogawa, 2006; Ryan et al., 1997; Shibistova et al.,
2002; Stockfors and Linder, 1998) (Fig. 7a, b). Our stem CH4 emission
estimates were similar to many previous boreal or riparian studies
(Machacova et al., 2016; Moldaschl et al., 2021; Ranniku et al., 2023;
Vainio et al., 2022) (Fig. 7c, d), but lower than in several hemiboreal and
temperate riparian studies (Flanagan et al., 2021; Mander et al., 2022;
Sakabe et al., 2021; Terazawa et al., 2021, 2015). The relatively low CH4
emissions in our site could be due to factors associated with the high
latitude, such as the short growing season, or low soil fertility. It could
also be due to the relatively short periods with groundwater levels near
the soil surface (Fig. 2d), limiting the build-up of reducing conditions
and hence CH4 in soils as a potential source for stem emissions
(Machacova et al., 2013). The stem CHy4 fluxes we found in winter were
among the lowest reported in the literature and explained by relatively
low temperatures and light conditions. Our CHy4 uptake estimate for the
forest floor was of similar magnitude as in other upland or riparian
forests (Flanagan et al., 2021; Machacova et al., 2016; Moldaschl et al.,
2021; Vainio et al., 2022), but contrasted with lower uptake rates or
even emissions in boreal or hemiboreal wetlands (Churkina et al., 2018;
Mander et al., 2022; Ranniku et al., 2023; Terazawa et al., 2021; Vainio
et al., 2022). Hence, the riparian zone acted more like an upland rather
than a wetland system. This could be the consequence of historic
ditching, followed by a groundwater level decline and an increase in the
unsaturated zone where CHy4 can be efficiently oxidized. Experimental
studies are needed to confirm this hypothesis.

We found that stem N5O fluxes were low as characteristic for a ni-
trogen poor system such as our study area which receives an atmo-
spheric deposition of ca. 2 kg N ha™! year™! (Laudon et al., 2023).
Despite high uncertainties in individual flux estimates, averages indi-
cated weak stem N5O emissions. This is a common feature in boreal and
riparian trees (Machacova et al., 2019, 2016; Moldaschl et al., 2021;
Ranniku et al., 2023), even though flooding may enhance emissions
beyond the range we measured (Mander et al., 2022) (Fig. 7e-f). The
weak N»O uptake of the forest floor in our study contrasted with N,O
emissions in other comparable studies (Machacova et al., 2019, 2016;
Mander et al., 2021; Ranniku et al., 2023). This observation, together

with high soil pN,O relative to the atmosphere may suggest efficient
N-O consumption near the soil surface. However, upland forest soil near
our study area were either very weak sinks or very weak sources of NoO
(Oquist et al., 2024). For more solid insights into N3O fluxes and un-
derlying mechanisms, high-frequency sampling is needed.

4.2. Spatial variation of stem fluxes and its drivers

The stem GHG fluxes in our study varied by several orders of
magnitude. This is expected in riparian ecosystems because of strong
spatial gradients and temporal variability in biogeochemical conditions
(McClain et al., 2003; Vidon et al., 2010). The detailed patterns and
drivers contrasted between CO5 and CHy, suggesting the processes
involved in production and emission pathways are different (Barba
et al., 2021). In particular, the patterns and drivers of CH4 fluxes were
less clear, compared to CO» fluxes. This can be expected since the net
CH4 flux involves both production and consumption pathways that
typically are spatially separated according to the oxygen regime.

In partial agreement with hypothesis H1, variation in CO2 and CHy4
fluxes among trees was related to dbh and d, but not to tree species.
Thicker trees emitted more COs, likely because of their larger heartwood
volume where gases can be produced, or their higher capacity to
transport gases from the soil (Barba et al., 2021). This may be especially
true for birches, which showed a larger dbh effect than spruces. CO;
fluxes decreased for birches but increased for spruces the farther they
were standing away from the stream. This may indicate that birches are
morphologically and physiologically more adapted to growing near
streams and their growth and associated respiration may benefit more
from thicker near-stream organic layers and associated nutrients.
Conversely, spruces may be more adapted to upland conditions, where
they would occur more naturally than in riparian habitats (Maher
Hasselquist et al., 2021). Interestingly, spatial patterns in CO5 fluxes
were amplified by higher T,, indicating that temperature sensitivity
depends on tree-specific traits (Ogawa, 2006). For example, thicker
birches may have responded stronger to temperature because their
growth and associated respiration was less restricted by other factors
such as nutrient availability (Stockfors and Linder, 1998). Conversely,
spruces farther from the stream may be less constrained by mal-
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Fig. 7. Comparison of stem- and forest floor fluxes of CO; (a, b), CHy (c, d) and N2O (e, f) in this study (K24) with other published studies from riparian ecosystems
(‘Rip’) in the boreal, hemiboreal or temperate biome, and in addition, wetland or upland ecosystems (‘Wet’, ‘Up’) in the boreal and hemiboreal biome. Fluxes refer to
the ecosystem scale per unit ground area (a, ¢, e) and the system-specific scale per unit stem or forest floor area (b, d, f). The abbreviations on the x-axis denote
different studies and full references and source data are provided in Table S11. Note that the studies vary in many parameters, most importantly the period and tree
species. Symbols show means (circles), medians (squares), standard deviations (solid error bars with wide ends), standard errors (solid error bars with narrow ends),
minimum or maximum values (dashed error bars with triangle ends), as reported in the original papers. A is Alnus ssp., B is Betula ssp., F is Fraxinus ssp., P is Picea
spp., Pinus ssp. or Populus ssp., respectively, n is non-flooded site, i is infrequently flooded site, f is flooded site.

adaptation to the riparian habitat. Integrated over the riparian zone,
there was hence no difference in CO5 emissions between birches and
spruces, in agreement with a previous study across an upland-wetland
gradient (Pitz et al., 2018).

The negative dbh effect on CH, fluxes both agrees and contrasts with
previous findings from other ecosystems (Pangala et al., 2015; Pitz et al.,
2018). This may be explained by a higher abundance of methanogens in
thinner trees (Yip et al., 2019), but the exact mechanism remains un-
clear. Our finding of higher stem CH4 emissions in the near-stream zone
agrees with previous studies where it was explained by higher CH4 up-
take from soils under wetter conditions (Moldaschl et al., 2021; Pitz
et al., 2018). The wetness effect is rather unlikely in our study, because

10

groundwater levels were generally lower near the stream (Fig. S1b) and
pCH4 did not differ across the riparian zone (Fig. S5). We carefully
suggest that in near-stream zones, the CH4 emissions may have been
stimulated by indirect effects of more nutrient-rich conditions on sub-
strate quality and quantity relevant to stem-internal CH4 production.
Spatial patterns of stem CH,4 fluxes were relatively weak and should
be treated with caution. The low predictability may indicate that we
underrepresented the spatiotemporal variability of predictor and pre-
dicted variables (Barba et al., 2021). For example, soil gases may vary
more in space than we were able to resolve (Sakabe et al., 2021).
Additionally, the range of predictor variables may have been too nar-
row. For example, the range of d was relatively small and the tree closest
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to the stream was the only one located below the hillslope plateau,
which had established after the stream was ditched (Fig. 1g). This birch
showed the highest CH4 emissions of all trees (outlier in Fig. 3b).
Moreover, we may have missed other factors that are more directly
related to the processes involved in CH4 cycling such as microbial
communities, sap flow or wood structure (Barba et al., 2019). Future
studies should investigate morphological and physiological traits in
order to resolve the mechanisms behind the spatial patterns found in our
study.

4.3. Seasonal variation and its drivers

In line with hypothesis H2, stem CO3 and CHj4 fluxes correlated with
environmental conditions. The strong seasonality in CO, fluxes is a
common feature and often explained by temperature effects on physi-
ological processes such as stem respiration (Barba et al., 2021; Stockfors
and Linder, 1998; Teskey et al., 2008). These dynamics are reflected by
the exponential increase of stem CO5 emissions with T,. Our Qi esti-
mates were within the range reported for Scots pine (Ogawa, 2006;
Tarvainen et al., 2018), but higher than values for Norway spruce
(Stockfors and Linder, 1998) in upland forest stands 15 km away from
our study site. This difference could be due to the wider range of tem-
peratures included in our study. In particular, we found low but steady
CO, emissions throughout the winter, likely as a result of low photo-
synthesis, transpiration and sap flow (Barba et al., 2021; Machacova
et al., 2019; Pitz et al., 2018). Elevated CO, emissions during episodes
with high groundwater levels (Fig. 6b) can potentially be due to many
factors such as differences in respiration rates, wood diffusivity, sap flow
or lenticel activity (Teskey et al., 2008), but further studies are needed to
explain this.

Our stem CHy4 fluxes showed complex seasonal patterns, which are
common (Barba et al., 2021; Machacova et al., 2023; Mander et al.,
2022; Moldaschl et al., 2021; Pitz et al., 2018) and may indicate
dependence on multiple factors and their interactions (Barba et al.,
2021; Tenhovirta et al., 2022; Terazawa et al., 2015). For example, the
relatively weak T, effect on CHy fluxes in our study compared to many
others (Barba et al., 2021; Moldaschl et al., 2021; Pangala et al., 2015;
Pitz et al., 2018; Terazawa et al., 2021; Vainio et al., 2022) could have
resulted from a negative correlation between T, and soil moisture
(Fig. S3c) and the partial cancellation of their individual effects (Mander
etal., 2022). Interestingly, we detected considerable stem CH4 emissions
in late winter and spring, despite low temperatures (Fig. 3b). The rela-
tively high CH4 emissions could be a response of stems to freeze-thaw
processes in order to avoid winter embolism (Lintunen et al., 2014),
or to increased soil CH4 accumulation as a result of limited gas exchange
under the snow pack (Kim et al., 2012). Yet, if these were major factors,
we would expect to see similar responses in CO, fluxes, which we did
not. Alternatively, the relatively high CH4 emissions could have been
driven by the relatively high solar radiation, supported by the positive
correlation between CHy4 fluxes and SIS (Fig. 6d). Solar radiation stim-
ulates transpiration and may hence increase the vertical transport of CHy
through the transpiration stream (Barba et al., 2019). This process is less
likely here, because we observed high CH4 emissions in both tree species
before the onset of the growing season when transpiration can be ex-
pected to be rather low in spruce and negligible in birch before leaf out.
Solar radiation also stimulates photosynthesis or other light-driven tree
physiological processes, which in turn may enhance CH4 production
(Keppler et al., 2006; Tenhovirta et al., 2022; Vigano et al., 2008). The
slight reduction in stem CH4 emissions under dark conditions (Fig. S7,
Table S9) could be a physiological response of cryptogamic stem covers.
The cryptogams are known to exchange CH, with the atmosphere, even
though previous studies have shown this flux to be independent of light
conditions (Lenhart et al., 2015; Machacova et al., 2021). However, it
remains open whether the light effect is limited to well-lit riparian buffer
zones adjacent to clear-cuts or also apply to riparian forests with closed
canopy. Clearly, the solar radiation effect warrants further investigation,
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e.g. through day-night time comparisons or more rigorous shading
experiments.

4.4. Origin of the exchanged gases

Our findings fuel the ongoing debate on whether GHGs emitted from
stems are primarily produced in the tree or the soil (Barba et al., 2019).
In our study, stem GHG emissions have unlikely originated from soils for
several reasons. Firstly, we did not observe any exponential decline in
CO,, CH4 and N0 fluxes with height above ground (Fig. 4). Previous
boreal or riparian studies have shown a range of vertical trend patterns,
suggesting that source contributions to stem fluxes is site- and tree-
specific (Mander et al., 2022; Moldaschl et al., 2021; Ranniku et al.,
2023; Vainio et al., 2022). Secondly, we found no or only weak corre-
lations between stem CO, and CH4 fluxes and groundwater levels or soil
pCO2 and pCHy4 (Fig. S6). In terms of CHy, this observation could be
explained by relatively low soil pCH4 in our study and the relatively low
groundwater levels and short flood durations, limiting soil CH4 pro-
duction and uptake through roots (Machacova et al., 2013; Moldaschl
et al., 2021; Pitz et al., 2018). Thirdly, most of the roots were located in
the upper aerated soil layers (Fig. S8) where pCH4 was likely below
atmospheric equilibrium as indicated by the consistent CH4 uptake from
the forest floor (Fig. 3b). Fourthly, if the soil was an important CO5 and
CH4 source, we would expect higher emissions in birches because they
usually root deeper than spruces and have higher sap flow rates,
potentially leading to higher gas uptake from soils (Vainio et al., 2022).
Species differences may also be expected because of differences in wood
anatomy, affecting diffusive gas fluxes (Barba et al., 2019; Wang et al.,
2016). Fifthly, we did not find any strong and consistent spatial trends of
CO4 and CHj4 fluxes with distance to stream that would support the soil
origin hypothesis (Section 4.2).

We argue that the GHGs emitted from stems were primarily pro-
duced in the stem. While stem respiration, transport within the stem,
and cryptogamic activity is generally regarded as the main source for
CO, emissions (Teskey et al., 2008), the mechanism for CH4 and N,O
production remains more uncertain. It is likely that CH4 was produced
by plant physiological processes (Keppler et al., 2006) or methanogenic
archaea (Flanagan et al., 2021; Putkinen et al., 2021; Wang et al., 2016;
Yip et al., 2019) or by cryptogams growing on the bark (Lenhart et al.,
2015). N2O production pathways may involve microbial production or
various biotic and abiotic light dependent processes, but remain poorly
understood (Machacova et al.,, 2019). We urge therefore for more
mechanistic studies, including analysis of microbial composition, gas
concentrations in stems and surface soil, stable isotopes and incubation
studies (Barba et al., 2021; Flanagan et al., 2021; Wang et al., 2017; Yip
et al., 2019).

It should be noted that we cannot fully rule out the soil-derived
pathway for stem emissions. The missing correlation between stem
fluxes and soil gas and groundwater level dynamics could be due to a
mismatch between our soil gas sampling depths and the main rooting
zone which is likely shallower (Puhe, 2003), or a time lag between
environmental drivers and responses in microbial activity, soil gas
production, root uptake and stem emission (Barba et al., 2024; Sakabe
et al.,, 2021). Finally, our conclusions on the origin of N;O must be
treated with caution because of the limited quality and quantity of NoO
flux data. Nonetheless, our observations point towards internal GHG
production pathways as the dominant source of stem emissions at the
site.

4.5. Ecosystem level and annual importance

In partial support of hypothesis H4, stems emitted a significant
amount of CO5 relative to the forest floor (52.1 %), but were less
important for CH4 and N»O fluxes (2.5 % and 11.3 %) at the ecosystem
level. The contribution of stems to forest floor CO- fluxes in our study
was higher than in other boreal studies or hemiboreal/temperate
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riparian studies (16-42 %; (Flanagan et al., 2021; Machacova et al.,
2019; Marshall et al., 2023; Shibistova et al., 2002)), mainly due to
higher stand densities. The contribution of stems to forest floor CHy
fluxes in our study was somewhat higher than in previous studies from
relatively dry forests (~1 %, (Machacova et al., 2016; Moldaschl et al.,
2021)) and lower than in flooded riparian forests (30 %-86 %, (Flanagan
etal., 2021; Mander et al., 2022; Moldaschl et al., 2021)) and in wetland
forests (14 %-22 %, (Ranniku et al., 2023; Vainio et al., 2022)). The
contribution of stems to forest floor N3O fluxes in our study was higher
than in previous boreal or riparian studies (typically <2 %; (Machacova
et al., 2019, 2016; Mander et al., 2021; Moldaschl et al., 2021; Ranniku
et al., 2023)). Hence, our data supports the increasing evidence that
stems cannot be ignored in ecosystem GHG budgets. To constrain the
role of trees in ecosystem GHG fluxes further, significant gas exchange in
branches, shoots and leaves should also be considered (Machacova et al.,
2016; Mander et al., 2022; Vainio et al., 2022).

In support of hypothesis H5, the 6 month long snow cover period
contributed significantly to the annual stem CO5 and CH4 emissions.
Contributions to annual CO, emissions (11 %) were in the same range as
reported for Scotts pine near our study site (Stockfors and Linder, 1998).
Contributions for CH4 were even higher in our study (40 %) and cor-
roborates previous findings of non-negligible fluxes during snow cover
(Mander et al., 2022; Ranniku et al., 2023). While we did not perform
winter NoO measurements, winter NoO emissions from stems can be low
but detectable in the boreal forest (Machacova et al., 2019). Therefore,
the snow-cover period cannot be ignored in annual stem GHG budgets.

4.6. Conclusions

In summary, we show large spatiotemporal variability in the mag-
nitudes and drivers of stem CO,, CH4 and N3O fluxes in a boreal riparian
forest buffer zone. Our results highlight the importance of weather
conditions and tree specific traits for scaling up tree-level point mea-
surements to annual and ecosystem-level estimates. The high variability
and relatively poor predictability of GHG fluxes corroborates the
increasingly recognized challenge behind the formulation of universal
functional relationships needed for process-based modelling (Barba
et al., 2021). Our data also suggest that stem GHG fluxes should be
included in GHG budgets of riparian zones and that the snow-cover
period should not be ignored. Finally, our study contributes to the
ongoing debate on the origin of gases emitted from stems. We provide
several lines of evidence that suggest trees rather than soils as the main
source of GHGs emitted from stems. Hence, the riparian forest in our
study acted more like an upland ecosystem where stem internal GHG
production dominates (Covey et al., 2012; Wang et al., 2017) rather than
a wetland ecosystem where gases are primarily soil derived (Pangala
et al., 2015; Terazawa et al., 2021). We attribute this behavior to his-
torical ditching, turning the former wetland-like forest into an upland-
like system, and emphasize the need for experiments to test this hy-
pothesis. Historical ditching is widespread in the boreal biome (Laudon
et al., 2022) so that regional and global upscaling based on studies from
more natural and wetter systems will likely overestimate gas emissions
from riparian tree stems.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.176243.
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