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Abstract

Mountain birch forests (Betula pubescens Ehrh. ssp. czerepanovii) at the subarctic tree-
line not only benefit from global warming, but are also increasingly affected by cat-
erpillar outbreaks from foliage-feeding geometrid moths. Both of these factors have
unknown consequences on soil organic carbon (SOC) stocks and biogeochemical cy-
cles. We measured SOC stocks down to the bedrock under living trees and under two
stages of dead trees (12 and 55 years since moth outbreak) and treeless tundra in
northern Finland. We also measured in-situ soil respiration, potential SOC decompos-
ability, biological (enzyme activities and microbial biomass), and chemical (N, mineral
N, and pH) soil properties. SOC stocks were significantly higher under living trees
(4.1 + 2.1 kg m?) than in the treeless tundra (2.4 + 0.6 kg m?), and remained at an el-
evated level even 12 (3.7 + 1.7 kg m?) and 55 years (4.9 + 3.0 kg m?) after tree death.
Effects of tree status on SOC stocks decreased with increasing distance from the
tree and with increasing depth, that is, a significant effect of tree status was found in
the organic layer, but not in mineral soil. Soil under living trees was characterized by
higher mineral N contents, microbial biomass, microbial activity, and soil respiration
compared with the treeless tundra; soils under dead trees were intermediate between
these two. The results suggest accelerated organic matter turnover under living trees
but a positive net effect on SOC stocks. Slowed organic matter turnover and continu-
ous supply of deadwood may explain why SOC stocks remained elevated under dead
trees, despite the heavy decrease in aboveground C stocks. We conclude that the
increased occurrence of moth damage with climate change would have minor effects
on SOC stocks, but ultimately decrease ecosystem C stocks (49% within 55 years in

this area), if the mountain birch forests will not be able to recover from the outbreaks.
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1 | INTRODUCTION

Mountain birch (Betula pubescens Ehrh. ssp. czerepanovii) is the
dominant tree species at the subarctic treeline of Fennoscandia,
and significantly contributes to the CO, sink capacity of subarctic
landscapes (Christensen et al., 2007). Due to climate warming and
increased nitrogen (N) deposition, an advance of the treeline has
been observed in recent decades (Hofgaard et al., 2012; Rundqvist
et al., 2011; Temmervik et al., 2004). Global warming has also led to
a drastic increase in insect herbivory over the past decades (Hagen
et al., 2007; Jepsen et al., 2007; Neuvonen et al., 1999). Insect her-
bivory has been shown to have immense impacts on plant growth
and carbon (C) fluxes, even at background intensities (Silfver et al.,
2020), but outbreak intensities in particular cause large natural dis-
turbances. For instance, Heliasz et al. (2011) reported an 89% re-
duction of the C sink strength upon defoliation of mountain birch
by larvae of autumn and winter moths. In Fennoscandia, outbreaks
of caterpillars from foliage-feeding geometrid moths (Epirrita autum-
nata and Operophtera brumata) occur at intervals of around 10 years.
While mountain birch can compensate defoliation to some extent
(Huttunen et al., 2012), intense damage in such nutrient-poor soils
and in cold climatic conditions often leads to forest dieback, leav-
ing large areas of deadwood behind (Tenow, 1996). Considering that
5,000 km? of mountain birch forest were affected in the 1960s in
northern Finland alone (Nuorteva, 1963), and 10,600 km? during the
2000s in northern Fennoscandia (Jepsen et al., 2009), this issue is of
quantitative relevance. High intensity summer grazing by reindeer
compounds the issue by impeding the growth of new birch seedlings
and basal sprouts, especially in Finnish Lapland (Biuw et al., 2014;
Kumpula et al., 2011; Lehtonen & Heikkinen, 1995). The combination
of grazing and moth damage induces a conversion of former forests
into treeless tundra vegetation, resulting in immense reductions of
tree primary production (Olsson et al., 2017), and thus, CO, seques-
tration potential.

The consequences of treeline advance or forest dieback on
aboveground C storage are straightforward and frequently studied
(Dahl et al., 2017; Russell et al., 2015); however, the consequences
on soil organic carbon (SOC) stocks are rather uncertain. Several
studies have shown that an advance of the treeline may deplete SOC
stocks (Clemmensen et al., 2021; Friggens et al., 2020; Hartley et al.,
2012; Wilmking et al., 2006) despite C input via litter and roots. For
instance, Parker et al. (2015) showed that SOC stocks of organic lay-
ers were considerably lower in forested plots (2.04 + 0.25 kg m?)
than at heath plots (7.03 + 0.79 kg m?). This may be explained by
a phenomenon termed the “priming effect” (Fontaine et al., 2004;
Kuzyakov et al., 2000): a labile C supply from root exudates or fresh
litter can stimulate microbial decomposition of older soil organic
matter (SOM). In this context, it is assumed that microbes increas-
ingly decompose SOM to acquire N from it (“microbial N-mining”;
Craine et al., 2007; Moorhead & Sinsabaugh, 2006), which is partic-
ularly relevant in N-poor subarctic soils (Hicks et al., 2020).

Reversing this finding, it may be speculated that despite the de-
crease in tree primary production, forest dieback caused by moth

outbreaks can induce an increase of SOC stocks, for at least five
reasons. First, root exudation decreases, which then causes a de-
crease in labile C that can stimulate priming. Second, insect herbiv-
ory induces an abrupt return of available N and other nutrients to
soils via frass (Kaukonen et al., 2013; Parker et al., 2017). Together
with the lower N demand of dead trees, the limits on N may be
released, hence N-mining and associated priming become unnec-
essary in soil that is no longer N-limited. Third, large amounts of
organic matter are returned to the soil via decomposing roots and
deadwood (Kosunen et al., 2020). Since SOM decomposes slowly
in cold climates, and parts of SOM are recalcitrant or stabilized and
can remain in soil for hundreds or thousands of years (Lehmann &
Kleber, 2015; Schmidt et al., 2011), elevated SOC stocks may per-
sistin the long term. Fourth, temporal patterns of deadwood decay
usually follow a negative exponential curve (Mackensen & Bauhus,
2003), that is, SOM turnover rates may slow down once the most
labile compounds of decaying wood have been mineralized. Fifth,
insect herbivory has been found to change vegetation composi-
tion from shrub-dominated to grass-dominated plant communi-
ties (Karlsen et al., 2013), possibly associated with larger organic
matter input into soil. Indeed, reduced soil CO, efflux has been
observed immediately after a defoliation event (Parker et al., 2017)
and 8 years thereafter (Sandén et al., 2020), suggesting slowed
biochemical cycling. However, despite decreased turnover rates,
Sandén et al. (2020) found no difference in SOC stocks 8 years
after a defoliation event of subarctic mountain birch in northern
Fennoscandia.

Interestingly, the opposite effect (i.e., higher resource turnover
rates in the short term) have been observed after moth outbreaks
(Kaukonen et al., 2013; Kristensen et al., 2018), mainly linked to
increasing concentrations of soil mineral N and labile C from moth
frass. According to Kaukonen et al. (2013), moth outbreaks repre-
sent a shortcut in C and N input to soils, which bypasses the main
routes of carbon from plants to the soil via mycorrhizal and litter-
decomposing fungi. However, it remains uncertain whether this ef-
fect persists in the long term. From a study on coniferous forests,
Stursova et al. (2014) speculated that the rate of decomposition
decreases as soon as the one-time litter input had been processed.
Similarly, Kristensen et al. (2018) assumed that such increased turn-
over rates are mainly short-lived effects, while lower turnover rates
can be expected in the long term. Overall, the temporal effects of
moth outbreaks and associated tree death on SOM stocks and bio-
chemical cycling are poorly understood. In particular, the long-term
effects are not well quantified.

Former studies on the effect of treeline advance or retreat suf-
fer from the drawback that forested sites are compared with sepa-
rate tundra sites, or forested sites with defoliated sites, respectively
(Hartley et al., 2012; Wilmking et al., 2006). Such space-for-time
substitutions are prone to confounding effects, such as differences
in temperature, nutrients, or water availability between sites. In this
context, it remains unknown whether specific factors (e.g., microcli-
mate) that trigger tree growth, moth outbreaks, or tree survival can
also affect SOC turnover rates, that is, a causal link between trees
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and lower SOC stocks is not certain. This drawback can be overcome
by investigating differences between living trees, dead trees, and
treeless tundra on a small spatial scale of individual trees, thereby
reducing the risk of confounding factors. On a small scale, Friggens
et al. (2020) identified decreasing SOC stocks with distance from the
tree, suggesting accumulation of organic matter close to trees, which
opposes the conclusions based on comparisons of separate sites.
Here, we conducted a small-scale space-for-time approach on
three independent sites by comparing SOC stocks and biochemical
properties of soil under four tree statuses: living trees, dead trees
(12 years since moth outbreak), dead trees (55 years since moth out-
break), and treeless tundra, which co-exist at the study sites. We
hypothesized that (a) living trees have lower C stocks compared to
treeless tundra. Such a negative net effect of a living tree could be
caused by its N-demand, which stimulates SOM turnover to such an
extent that it exceeds C input from the tree. Furthermore, because it
is generally assumed that SOC decomposition slows down in the ab-
sence of trees and root exudates, we hypothesized (b) that tree death

causes C stocks to develop toward the C stocks of the treeless tundra.

2 | MATERIALS AND METHODS

2.1 | Studyarea

The study area (69°9’N, 27°9’E, 130-156 m a.s.l) is located in
Northern Finnish Lapland, 12 km south of the village Nuorgam, ap-
proximately 5 km west of Lake Pulmankijarvi (Figure 1). The mean
annual temperature was -1.6°C and mean annual precipitation was
448 mm during the time period 1981-2010, measured in Utsjoki,
35 km west of the study site (Finnish Meteorological Institute,
2020). Soils in this region are Podzols on sandy texture (WRB, 2015)
and are not affected by permafrost.

The area is a heavily grazed year-round pasture of the
Kaldoaivi reindeer herding cooperative. The herding of such semi-
domesticated reindeer by the Sdmi people has been practiced since
centuries in this area (Kortesalmi, 2008). Reindeer densities in the
Kaldoaivi area are around 2.38 reindeer/km? (2006-2007; Biuw
et al., 2014). This density remained on average at a same level since
the 1950s with the exception of two short-term drops in the late
1960s and mid 1970s and a short-term peak during the 1980s with
4.5 reindeer/km? (Biuw et al., 2014; statistics from the Reindeer
Herders Association for reindeer numbers during 1960-2020). The
trends in reindeer population densities are quite similar in the neigh-
boring areas in Finland and in Norway, although the overall densities
in Norway are slightly lower (i.e., 1.56 reindeer/km? in 2006-2007;
Biuw et al., 2014). Traditionally, reindeer migrated between summer
pastures in the coastal areas of the Arctic Ocean in Norway and win-
ter pastures in the interior areas of Finland and Norway. Seasonal
migration is still practiced in the neighboring areas in Norway. The
contrasting year-round grazing in northernmost Finland results from
the fact that seasonal reindeer migration is prevented by law since
1852 (Kortesalmi, 2008; Stark et al., 2021). Although rotational

I e

grazing on designated summer and winter pastures has been realized
by means of fences in several Finnish districts, no such measures
apply to the Kaldoaivi district (Biuw et al., 2014).

During the last century, the study area has been affected by two
severe moth outbreak periods. The first occurred between 1960 and
1965, that is, approximately 55 years before sampling (“dead,;"); the
second was between 2006 and 2008, that is, approximately 12 years
before sampling (“dead,,”), as previously described (Kaukonen et al,,
2013; Lehtonen & Heikkinen, 1995; Saravesi et al., 2015). Since
some trees survived the respective outbreaks, the area is character-
ized by a mosaic that includes living trees (Figure 2a), dead but still
standing trees (dead,,, Figure 2b), largely decomposed dead trees
with only a stump remaining (deadss, Figure 2c), and treeless tundra
vegetation (Figure 2d).

We conducted a small-scale space-for-time substitution ap-
proach to investigate the effect of living trees, dead trees, and
treeless tundra on SOC stocks and dynamics. Three indepen-
dent sites were selected, each approximately 1 ha in size and
located approximately 2 km away from each other. Criteria for
selecting sites were that (a) all tree statuses (i.e., living, dead,,,
and dead,;, treeless tundra) were present, each with several
randomly distributed individuals, (b) the altitude of the sites was
similar, and (c) the sites were located on a flat area to minimize
differences in climate and microclimate between and within the
sites. At each site, we selected four plots of each of the four
tree statuses. Each plot had a size of 3.14 m?, that is, 1 m radius
around the tree or plot center, in the case of treeless tundra.
Plots were chosen such that the next living or dead tree was at
least 2 meters away.

2.2 | Understory vegetation

The percentage of understory vegetation cover was assessed at the
species level by visual estimation within a circle of 1 m radius (Fenner,
1997). A few species were unidentifiable; these were grouped into

the category of either “other grass species” or “other lichen species.”

2.3 | Soil temperature and moisture

Between the beginning of July and end of September 2019, we
measured soil temperature and volumetric water content (VWC)
four times, parallel to the measurements of soil +understory respi-
ration (see section 2.7). Soil temperature and VWC were measured
atadepth of 5 cm. The VWC was measured at 5 locations around the
respiration collar using a TDR sensor.

At each site, 2 plots per tree status were selected for tem-
perature logging. Temperature loggers (Maxim iButton miniature
temperature loggers, DS1922L) were buried at 10 cm depth and at
50 cm from the tree or plot center, in the case of treeless tundra.
Temperature loggers were inserted at the end of July 2019, and
remained in the soil for almost 1 year (with 13 days missing in July
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FIGURE 1 Location of the study sites and sampling design

2020) in plastic bags to prevent water damage. Temperature was
recorded 4 times per day. The monthly mean temperature and the
mean annual temperature were calculated for each plot.

2.4 | Aboveground and belowground plant
carbon stocks

For living and dead,, trees, we measured the height of the trunk
and the diameter at breast height (DBH, at 1.3 m above ground).
In case of bifurcation within the first 1.3 m, the DBH and height
of each trunk were recorded separately. Using this data, we cal-
culated aboveground biomass according to Starr et al. (1998).
For dead,; trees, the height and diameter of the remaining stump
were measured. Biomass of dead,; trees was estimated according

to Equation 1, where density was assumed to be p = 478 kg m?, as

reported for living trees of B. pubescens (Herajarvi, 2004).
Aboveground tree biomass (kg) = p x 7 x r? x h (1)

Since the abovementioned equation applies to living trees, we cor-
rected the biomass for density loss using annual decay rate constants
of 4.5% upon tree death, which has been demonstrated for birch trees
(Krankina & Harmon, 1995). Tree roots were estimated to be 29.2% of total
tree biomass as suggested by Smith et al. (2016), that is, by dividing abo-
veground biomass by 70.8 and multiplying by 29.2. The proportion of car-
bon in all plant biomass pools was assumed to be 50% (Koster et al., 2015).

Understory aboveground biomass was calculated by harvesting
all understory vegetation including moss and lichen from the respira-
tion collars (20 cm diameter, see section 2.7, Figure 1f) at the end of
the experiment. Plants were dried at 60°C and weighed. Assuming
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FIGURE 2 Pictures of tree status:
(a) living tree, (b) dead,, tree, (c) dead,,
tree, and (d) treeless tundra. Living and
dead trees are scattered sparsely in the
landscape

oo, ROTREC

rs

—

that vegetation inside the collars is representative of the entire plot,
we extrapolated understory biomass to an area of 1 m radius around
each tree or plot center. To determine understory root biomass, we
took samples from 3 locations around each tree with an auger of
5 cm diameter (total organic layer +10 cm of mineral soil, see section
2.5; white circles in Figure 1f), and combined these to a composite
sample per plot. Understory roots were isolated from the organic
layer by sieving to 2 mm and subsequent washing. Such data were
extrapolated to an area of 1 m radius around the plot center. C con-
tent was assumed to account for 50% of the biomass. The mineral

soil contained no visible roots from understory vegetation.

2.5 | Determination of SOC stocks

To determine SOC stocks (“stock sample set,” Figure 1f), 10 auger
samples (2.5 cm diameter) were taken from 25, 50, 75, and 100 cm
distance around the stem, or around the plot center in the case
of treeless tundra (black dots in Figure 1f). The organic layer, the

eluviated E horizon, and the illuviated B horizon up to a depth at

which the auger could not be inserted any deeper (assuming that
bedrock or large rocks were reached; cf. Parker et al., 2015) were
taken separately. The thickness of each layer and the maximum
depth of mineral soil were recorded for each of the 40 sampling
points per plot. The auger samples were combined to form one
composite sample from each distance and horizon per plot. Samples
were dried at 40° immediately after sampling, subsequently sieved
to 4 mm (organic) and 2 mm (mineral), and milled. The C and N con-
tents were measured with VarioMax CN analyser (Germany). Since
soils in this area are not calcareous (Hinneri et al., 1975) and our
samples had a pH <6, the measured C contents were assumed to
equal SOC.

Bulk density of the organic layer was measured at 3 locations
50 cm from each tree or plot center (white circles in Figure 1e) by drill-
ing a sharp root auger (5 cm diameter) into the organic layer, measur-
ing its thickness and resultant volume, and drying at 105°C. There was
no obvious compression of the organic layer using the root auger. Bulk
density of the mineral soil was determined by taking 1-2 soil cylinders
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(170 cm®) 50 cm from each tree or plot center. The volume of rock
fragments >2 mm was subtracted from the cylinder volume to calcu-
late bulk density of fine earth. To avoid error propagation, the average
bulk density and stone content per site and tree status were used in
calculations for organic layer and mineral soil, respectively. We are
aware that soils also contain large rocks that were not included in the
calculation of rock fragments from the soil cylinders. However, large
rocks determined the maximum depth that could be sampled and
were therefore included in the calculation of SOC stocks.

SOC stocks were calculated by Equation 2 and expressed as kg m

Stock (t ha"i) = Ccontent (%) x bulk density of fine earth (g cm?®)

X thickness (cm) x (1-rockfragments[%] /100)
(2)

To calculate overall stocks within a 1 m radius around a tree,
SOC stocks were calculated for each distance separately, then
multiplied with the respective area and summed, that is, we cal-
culated total stocks within an area of 3.142 mZ. For the treeless
tundra, stocks were calculated similarly around the center of the
plot. Note that mineral soil was always sampled up to the bedrock.
Hence, calculated stocks represent total stocks, but do not refer to
a standardized depth. The maximum sampled depth was 70 cm of
mineral soil, but such depths were only reached occasionally and
not consistently within a given plot or distance around a tree. The
average depth of mineral soil across all sites and plots was 6 cm.

Stocks of total soil N were calculated analogously to SOC stocks.

2.6 | Soil biological and chemical properties

For soil properties other than C and N stocks, we took samples
50 cm from the tree or plot center (“process sample set,” small grey
dots in Figure 1f). According to Parker et al. (2017), this is the dis-
tance at which the effect of tree status may be the greatest. At least
5 samples were taken from each plot using an auger (5 cm diameter).
Additional samples were taken if collected soil material was not suf-
ficient. We sampled the entire organic layer and the mineral soil up
to 10 cm depth (i.e., composite of E and B layer). Samples were com-
bined to form one composite sample per plot and soil layer (organic,
mineral). Samples were kept in the fridge and sieved to 4 mm (or-
ganic) and 2 mm (mineral) within 1 week after sampling. Roots were
removed, and samples were then split into separate bags and either
dried (40°C), stored cold (8°C), or kept frozen (-20°).

Soil C and N contents were also measured as described above
from dried soil for the process sample set.

Soil pH was measured from 1:2 soil-water slurry with a WTW
electrode (Xylem Analytics, Germany).

Mineral N in the form of nitrate (NO,") and ammonium (NH4+)
was determined according to Carter and Gregorich (2008) from fro-
zen soils after allowing the soil the thaw for 2 days. Mineral N was
extracted from ~30 ml of soil with 100 ml 1 M KCl solution and ana-
lyzed by spectrophotometry (PerkinElmer—1420 VICTOR®™, United

States) according to Miranda et al. (2001). Mineral N content was
calculated per g dry weight of soil.

For laboratory-based respiration measurements, frozen soils were
thawed at 5°C for 2 days. An amount of soil corresponding to 8 g (or-
ganic) or 30 g (mineral soil) of dry weight was filled into incubation ves-
sels, two replicates per sample, and subsequently rewetted to 50% of
water-holding capacity (WHC) with distilled water, if necessary. Soil
was pre-incubated at 20°C for 5 days. Basal respiration was then mea-
sured for 8 days, expressed as the average hourly CO, production per g
soil or per g SOC, respectively. After measurement of basal respiration,
glucose was added to each vessel at 8 mg glucose g™ dry soil in aque-
ous solution (3.5 ml per vessel for organic layer, and 1.5 ml per vessel
for mineral soil)—but not exceeding 60% WHC of soil. After the addi-
tion of glucose, soil respiration was measured for 100 h. This so-called
substrate induced respiration (SIR) was originally developed to esti-
mate the amount of microbial biomass in soils (Anderson & Domsch,
1978), but has subsequently often been used to assess microbial ac-
tivities and characteristics (Blagodatsky et al., 2000). Here, we used it
to determine microbial biomass carbon and investigate the degree of
nutrient deficiency. According to Nordgren (1992), Meyer et al. (2017),
and Meyer et al. (2018), mineralization of glucose depends on nutrient
supply of microbes; hence, the potential to mineralize glucose serves as
an indicator of nutrient availability to microbes. In mineral soil, we addi-
tionally tested whether N is the most limiting nutrient by subsequently
adding 1.03 mg of (NH,),SO, per g of soil (DIN ISO 17155 2012) in
aqueous solution to one of the two incubation vessels per sample. Soil
in the second incubation vessels received the same amount of water.
If such N addition evokes an increase in CO, release, this would sug-
gest that N was the most limiting nutrient and hindered the complete
mineralization of glucose. We continued measuring CO, evolution for
2 days. The CO, production was measured using an automated res-
pirometer that allows incubating 95 samples in parallel (Respicond,
Nordgren Innovations AB, Sweden). The system provides a continuous
measurement of CO, evolution by trapping CO, in potassium hydrox-
ide (KOH) (Nordgren, 1988). Decrease in electrical conductivity in KOH
solution caused by CO, entrapment was automatically measured every
60 min (basal respiration) or 30 min (after glucose addition) by platinum
electrodes, and the changes in conductivity were automatically trans-
formed to evolution rates based on Equation (3), where A is a conduc-
tivity constant that depends on the molarity of the KOH solution, C,,
is the conductance of the fresh KOH measured at the beginning of the
incubation time, and C,, is the conductance at time t.

CO, =AX (Cyp~Cp)/ Cro )

We calculated the cumulative CO,, evolution within 100 h after

glucose addition (SIR_ ). Microbial biomass carbon (MBC) was de-

cum
rived from the maximum initial respiratory response according to

Anderson and Domsch (1978) as follows:
MBC (pgg™! soil) = (pl co, gt soil h") x4004+037 (4

Enzyme activities were determined from thawed frozen soil. We

measured the activities of cellobiosidase (EC 3.2.1.91), B-glucosidase
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(EC 3.2.1.21), chitinase (EC 3.2.1.14), leucine amino-peptidase (EC
3.4.11.1),acid phosphatase (EC 3.1.3.2), B-xylosidase (EC 3.2.1.37), and
N-acetyl-glucosaminidase using fluorometric substrates as described
in Bell et al. (2013). Briefly, soil suspensions were obtained by mixing
2 g soil with 100 ml of 100 mM sodium acetate buffer (pH 5.5) in a
mortar for 1 min. These soil suspensions were continuously stirred on
amagnetic stirrer. A reaction mixture was prepared by mixing 200 ul of
soil suspension with 50 ul of substrate in microplates (96 wells); for the
blank, 200 pl of buffer and 50 pl of the respective substrate were used.
All substrates were ordered from Sigma-Aldrich: 4-methylumbelliferyl
B-D-cellobioside (substrate for cellobiosidase), 4-methylumbelliferyl
D-glucopyranoside (B-glucosidase), 4-methylumbelliferyl-N-acetyl-p-D-
glucosaminide (chitinase), leucine-aminomethylcoumarin (leucine
amino-peptidase), 4-methylumbelliferyl phosphate acid (acid phos-
phatase), 4-methylumbelliferyl-g-D-xyloside (p-xylosidase). The
plates were incubated for 140 min at room temperature (20°C) and
enzymatic reactions were stopped by adding 10 um 1 M NaOH,
except for leucine-aminopeptidase. Fluorescence was measured
with a plate reader (BMGLabtech, ClarioStar; excitation at 360 nm
and emission at 460 nm). Quenched standard curves were built to
each sample separately on 4-methylumbelliferone (MU), and
7-amino-4-methylcoumarin (AMC) for leucine amino-peptidase, by
adding the same volume of soil slurry to each standard as was used
in the enzyme activity assay. Enzymatic activities were expressed as
nmol of MU/AMC per g% soil DW h™%.

Additionally, we measured oxidative enzymes (phenol oxidase
EC 1.14.18.1 and peroxidase EC 1.11.1.x) according to (Marx et al.,
2001). A reaction mixture was prepared by adding 1 ml of soil sus-
pension (prepared as above) to 1 ml of 20 mM DOPA solution
(L-3,4-dihydroxyphenylalanin) in sodium acetate buffer (100 mM, pH
5.5). As a negative control, 1 ml of sodium acetate buffer and 1 ml of
20 mM DOPA solution were mixed; as blanks, 1 ml of sodium acetate
buffer was mixed with 1 ml of soil suspension. Samples and blanks
were shaken for 10 min and centrifuged (5 min, 2,000 g). Then, 250 pl
of supernatants were dispensed into 96-well microplates. For per-
oxidase activity measurement, 10 ul of 0.3% H,O, was added. After
measurement of initial absorbance (450 nm), plates were incubated
in darkness for 20 h at 20°C, and absorption was measured again.

Enzymatic activities were expressed as nmol of DOPA g’1 soil DW h™™%.

2.7 | Soil +understory respiration

At a distance of 50 cm from each tree or plot center, we drilled a
PVC collar (22 cm diameter) into the soil one week before the first
measurement, by cutting roots and the organic layer with a knife, if
necessary.

We measured soil +understory respiration four times during
July-September 2019. soil +understory respiration in this study is
defined as the sum of microbial, root, and understory vegetation res-
piration. We define the results as soil +understory respiration—not
as ecosystem respiration—because aboveground respiration of trees
was excluded in the measurements.

I e L

We placed a dark chamber (20 cm diameter, 25 cm height) on
top of the collar, equipped with a fan to ensure ventilation. After
closing the chamber, CO, concentration (ppm) was allowed to equil-
ibrate for 1 min. The CO, concentration within the chamber was
then recorded every minute for 5 min by a Vaisala GMP252 probe
(Vaisala Oyj, Finland). The CO, accumulation rate (ppm min~Y) was
calculated using a linear part of the recorded data, and CO, efflux
F was calculated by Equation 5 where % is the change in CO, con-
centration across measurement time (ppm min™), P is atmospheric
pressure (in hPa, available from the nearest meteorological sta-
tion in Nuorgam and adjusted for the ~100 m difference in eleva-
tion, Finnish Meteorological Institute, 2020), R is the gas constant
(8.314 J mol™ K'l), T is the measurement temperature in Kelvin in-
side the chamber, V is the chamber volume in m® (0.009841 m?®), and
A is the chamber area in m? (0.039761 m?).

g1y _4C PV 107 -G
F (gCO,cm™2s71) = T XRFX 2% %0 ><44.01mOI

Respiration measurements of each site were completed within
2 h such that the temperature and moisture conditions were similar
for all plots within a site. The order of plots per site was randomized.
Measurements of the three sites were taken within one day, except
for the last measurement date when the duration of daylight was
not sufficient.

2.8 | Statistics

We consider site as a block factor in ANOVA or random effect in
linear mixed-effect models, respectively. We present treatment-
specific mean values of the three sites in our figures. However, since
the tree status appears to have different effects on soil properties at
the three independent sites, we also discuss some site-specific dif-
ferences, which are shown in the Supplementary material.

To investigate the effect of tree status on C stocks, C contents,
and organic layer thickness, we used linear mixed-effect models
for each soil layer (organic, E, B) separately, with tree status and
distance to the tree as fixed effects and plot ID nested in site as
a random effect. We also tested for interactions. If the tree status
effect was significant, Tukey's honest significance test was applied
to further investigate differences between each tree status. Data
were checked for normality of residuals by visual inspection of
qgplots, and variance homogeneity was tested with a Levene test.
If assumptions were violated, the model was repeated on log- or
square-transformed data. As this did not change the overall result,
and because linear mixed-effect models have been shown to be ro-
bust to moderate violations of distributional assumptions (Schielzeth
et al., 2020), we decided to keep the original model.

To compare the effect of tree status on overall SOC stocks within a
1 m radius around the tree or plot center, we multiplied the SOC stock
(kg m?) at each distance with the area of the respective distance radius
and summed them. This was done for each soil layer separately, as well
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as for total SOC stocks. We performed a one-way ANOVA with block
design (site as block) and interaction term (tree status x site) for each
soil layer separately (i.e., organic layer, E horizon, B horizon), as well
as for total SOC stocks. Data were checked for normality of residuals
with a Shapiro-Wilk test, and variance homogeneity was tested with
a Levene test. If data were not normally distributed or did not reveal
homogeneity of variances, they were log- or square-transformed.

To test for differences in soil +understory respiration between
tree statuses, we performed a linear mixed-effect model with tree sta-
tus, measurement date, soil temperature, and soil moisture as fixed ef-
fects, and plot ID nested in site as a random effect. We also tested for
interactions. Non-significant interactions terms were removed from
the model in a stepwise manner. Tukey's honest significance test was
applied to further investigate differences between each tree status.

To test for differences in biochemical soil properties between
tree statuses, we performed a one-way ANOVA with block design
(site as block) for each soil layer (organic, mineral) separately. If ef-
fects were significant, a post-hoc Tukey's honest significance test
was applied. If data were not normally distributed or did not reveal
homogeneity of variances, they were log- or square-transformed.

Correlation analyses were conducted to explore relationships
between the variables. In case of linear relationships and normal
distribution of data, Pearson's correlation coefficient was used.
Otherwise, Spearman's rank correlation coefficient was calculated.

Principal component analysis (PCA) was conducted to visualize
relationships between the large number of measured variables and
differences between sites and tree statuses. PCA was performed for
the organic layer and mineral soil separately. All measured variables
from the “process sample set” were included, except the large num-
ber of measured enzymes, which showed no correlation with tree
status. We further included the soil +understory respiration rate
at the middle of the growing season (12 July). The PCAs were per-
formed in R using the function prcomp. Data were scaled to similar
standard deviation and centered to a mean of zero. Ellipses are pre-
sented at a confidence interval of 90%.

If not otherwise stated, we define significant differences as p < 0.05.

Statistics and figures were performed in R (version 3.6.1, R Core
Team, 2013) and maps in ArcGlIS (version 10.8, Esri).

29 | Data

The data that support the findings of this study are openly available
in Dryad (Meyer et al., 2021).

3 | RESULTS

3.1 | Understory vegetation cover

Understory vegetation was similar under living, dead,,, and
dead;; trees. The plant community of the treeless tundra dif-
fered considerably from that under living and dead trees. In the

treeless tundra, moss (Dicranum spp), lichen (Ochrolechia frigida),
and black crowberry (Empetrum nigrum) were most frequent, each
covering around 30% of the area. Other species occurred occa-
sionally. Under living, dead,,, and dead, trees, Empetrum nigrum
accounted for 65-70% of the vegetation cover, that is, a consid-
erably higher percentage than in treeless tundra. The remaining
~30% were mainly dominated by lingonberry (Vaccinium vitis-
idaea), Dicranum spp, and Ochrolechia frigida, each accounting for
~10% of the area (Figure S1).

3.2 | Soil temperature and moisture

The VWC that was measured four times between the beginning of
July and end of September was on average higher at sites 2 and 3 in
comparison with site 1, with significant differences in September but
not in summer (Table 1). There was no significant effect of tree status
on VWC.

Soil temperature at a depth of 10 cm was significantly affected
by tree status: soils under living trees had lower average monthly
temperatures in the summer compared with soil at the treeless tun-
dra (Table 1). However, during the winter months, soils under living
trees were on average warmer than at the treeless tundra sites, al-
though this difference was not significant (Table 1, for details see
also Figure S2). Hence, there was a significant tree status x month
interaction (Table S1). At sites 1 and 3, summer temperatures under
dead trees were intermediate between treeless tundra and living
trees (significant tree status x site effect). On average, the soil tem-
peratures at site 3 were lower throughout the years compared with
sites 1 and 2 (Table 1).

3.3 | Aboveground and belowground carbon and
nitrogen stocks

On average, the thickness of the organic layer was 5.5 + 3.6 cm,
but was significantly affected by tree status and site (Table 2,
Figure 3a). Both living and dead trees had thicker organic layers
than the treeless tundra. However, there was no consistent dif-
ference in organic layer thickness between living and dead trees:
while site 1 revealed decreasing organic layer thickness in the
order of living>dead,,=dead, >treeless, dead,; trees revealed
the thickest organic layers at site 2 (Figure S3). At site 3, organic
layer thickness was generally lower, with only small differences
between tree status (Figure S3). Differences between tree status
persisted up to at least 1 m from the tree, but decreased signifi-
cantly with distance. Organic layer thickness did not change with
distance to the plot center in the treeless tundra plots, yielding a
significant tree status x distance interaction. C contents were also
significantly higher under living and dead trees compared with the
treeless tundra (Figure 3b). As a result, C stocks followed a simi-
lar pattern as organic layer thickness, with overall higher stocks
under living and dead trees compared with the treeless tundra
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TABLE 1 Temperature, soil moisture, and tree size characteristics across sites and tree statuses. Different lowercase letters indicate
differences between sites (line by line) based on two factorial ANOVA. Different capital letters in the column “all sites” indicate differences
between the tree statuses (two factorial ANOVA). In case of non-significant differences, letters were not provided

Tree status Site 1

Living
Tree height (m) 4.75 + 0.6°
Aboveground tree biomass C (kg) 181 +71
Mean annual soil temperature (°C)* 2.26 +0.55
Average temperature August 9.22 +0.02
Average temperature January -0.76 + 1.06
Volumetric water content July 12 21.8+3.9
Volumetric water content September 25 26.1 +5.7

Dead,,
Tree height (m) 4.33+0.25
Aboveground tree biomass C (kg) 14.2 + 14.4
Mean annual soil temperature (°C) 2.43 +0.58
Average temperature August 9.71+0.34
Average temperature January -0.91+1.25
Volumetric water content July 12 19.6 + 3.0
Volumetric water content September 25 21.5+ 5.6

Dead,;
Tree height (m) 0.18 +0.12
Aboveground tree biomass C (kg) 0.06 + 0.04
Mean annual soil temperature (°C) 2.43 +0.20
Average temperature August 9.52 +0.80
Average temperature January -0.73 +0.08
Volumetric water content July 12 20.8+1.2

Volumetric water content September 25 17.8 + 2.7

Treeless tundra

Tree height (m) NA
Aboveground tree biomass C (kg) NA

Mean annual soil temperature (°C) 2.27 + 0.49
Average temperature August 9.94 +0.12
Average temperature January -1.48 + 1.00
Volumetric water content July 12 23.7 +2.6

Volumetric water content September 25 20.4 + 3.7

All tree statuses

Mean annual soil temperature (°C) 2.35+0.37
Average temperature August 9.60 + 0.43°
Average temperature January -0.97 +0.80
Volumetric water content July 12 21.5+ 3.0

Volumetric water content September 25 21.5 + 5.1°

Site 2 Site 3 All sites
3.34+0.5° 4.98 +0.7° 4.35+ 091"
8.7+6.5 22.3+72 16.3 + 8.6"
2.39 +0.42 1.95+0.08 2.25+0.38
9.27 +0.38 8.90 +0.37 9.13 + 0.30°
-0.79 +0.60 -0.74 £ 0.27 -0.76 + 0.56
27.0 + 9.7 22.6+3.4 23.8+6.2
36.5+11.7 26.8+5.0 29.8+8.8
3.35+0.72 3.36 +0.89 3.68 +0.78°
81+4.6 48+4.5 9.1+9.28
2.09 +0.36 1.88 + 0.61 213 +0.48
9.37 + 0.04 9.12 + 0.06 9.40 + 0.317°
-1.27 +0.69 -1.23 + 1.12 -1.14 + 0.83
23.4+4.9 199 £5.9 21.0 + 4.7
29.7 +1.3 27.3 +4.4 26.2+5.2
0.15 +0.04 0.25+0.16 0.18 +0.11¢
0.03 + 0.04 0.03 +0.03 0.04 +0.03¢
2.25 + NA 1.90 +0.20 2.18 +0.30
9.00 + NA 9.24 +0.42 9.30 + 0.50"°
-0.49 + NA -0.95+0.13 -0.77 £ 0.20
231+73 23.5+5.0 22.5+4.8
28.2+4.3 29.8+2.3 25.3+6.3
NA NA NA

NA NA NA

2.35 +0.09 2.00 +0.19 2.20 +0.29
9.60 + 0.29 9.44 + 0.05 9.66 +0.27"
-0.64 +0.02 -0.89 +0.28 -1.00 + 0.60
21.2+1.8 28.4+8.3 24.4 +5.6
29.2+1.1 34.0+37 279 £ 6.5
2.27 +0.26 1.93+0.26 218 +0.35
9.35 +0.29 9.17 +0.30° 9.38 +0.38
-0.84 + 0.49 -0.95 + 0.49 -0.92 +0.59
237 +6.3 23.6+6.2 229 +54
30.9 + 6.6° 29.5+4.6° 273+ 6.8

*Excluding data for 13 days in July where measurements were not available.

(Figure 3c). This effect similarly decreased with increasing dis-
tance from the tree, and high variability between sites was seen
(Figure S3).

The average thickness of the E horizon was 2.1 + 0.8 cm across
all sites, tree status, and distances from a tree. The remaining mineral

soil up to the bedrock (“B horizon”) was on average 4.1 + 3.3 cm
thick. In mineral soil, neither the thickness, SOC contents nor SOC
stocks were significantly different between tree statuses (Table 2).
There was no clear trend with distance from the tree (Table 2, see also
Figures S4 and S5).
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TABLE 2 F and P statistics of the effects of tree status and distance on layer thickness, C contents, and C stocks

Numerator degrees of

freedom Denominator degrees of freedom  F-value p-value
Thickness organic layer
Intercept 1 140 29.17994 <0.0001
Tree status 3 42 6.02882 0.0016
Distance 1 140 83.16632 <0.0001
Tree status x distance 3 140 6.94514 0.0002

b

55 » NO tree’

Tukey's Post-hoc test: Livingb, deaduab, dead

C contents organic layer

Intercept 1 140 2648.2521 <0.0001
Tree status 3 42 3.1389 0.0352
Distance 1 140 0.0068 0.9342
Treatment x distance 3 140 4.7418 0.0035
Tukey's Post-hoc test: Living®, deadizab, deadssb, no tree?

C stock organic layer
Intercept 1 140 20.76419 <0.0001
Tree status 3 42 4.52700 0.0077
Distance 1 140 66.57137 <0.0001
Tree status x distance 3 140 7.42310 0.0001
Tukey's Post-hoc test: Living®, deadlzaab, deadssb, no tree?

Thickness E horizon
Intercept 1 140 148.00668 <0.0001
Tree status 3 42 1.17097 0.3322
Distance 1 140 0.17918 0.6727
Tree status x distance 3 140 0.91127 0.4373
Tukey's Post-hoc test: Living?, dead,,?, dead,.?, no tree?

C contents E horizon
Intercept 1 140 213.33624 <0.0001
Tree status 3 42 1.36516 0.2665
Distance 1 140 1.72383 0.1913
Tree status x distance 3 140 1.92226 0.1287
Tukey's Post-hoc test: Living®, dead,,?, dead,.?, no tree?

C stock E horizon
Intercept 1 140 44.89496 <0.0001
Tree status 3 42 1.85612 0.1518
Distance 1 140 0.22089 0.6391
Tree status x distance 5 140 2.25095 0.0851
Tukey's Post-hoc test: Living®, dead,,?, dead,.?, no tree?

Thickness B horizon
Intercept 1 140 11.034098 0.0011
Tree status 3 42 1.310010 0.2838
Distance 1 140 1.731523 0.1904
Tree status x distance 3 140 1.525913 0.2105

Tukey's Post-hoc test: Living®, dead,,?, dead,;?, no tree?

C contents B horizon
Intercept 1 139 52.37210 0.1610
Tree status 8 42 1.08981 0.3639
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TABLE 2 (Continued)

Numerator degrees of

ST oL

freedom Denominator degrees of freedom F-value p-value
Distance 1 139 1.49864 0.2230
Tree status x distance 3 139 0.41035 0.7458
Tukey's Post-hoc test: Living®, dead,,”, dead,;", no tree?
C stock B horizon

Intercept 1 139 22.972520 <0.0001
Tree status 3 42 1.338915 0.2746
Distance 1 139 0.095715 0.7575
Tree status x distance 3 139 3.352526 0.0209

Tukey's Post-hoc test: Living®, dead, ,”, dead,;?, no tree?
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FIGURE 3 Thickness (a), C contents (b), and C stocks (c) of the organic layer. Mean and standard error are presented

Total overall SOC stocks within 1 m distance (i.e., sum of SOC stocks
from org + E + B, Figure 4) decreased in the order of dead.;>living>
dead, ,>treeless, with significant differences only between treeless tun-
dra and living trees and between treeless tundra and dead; (Figure 4).

Overall ecosystem C stocks decreased in the order of liv-
ing>dead, ,>dead ;>treeless tundra (Figure 4) and were mainly
driven by changes in aboveground biomass, which significantly de-
creased upon tree death, especially at later stages.

Soil N stocks were also calculated (see supplementary information).
Across all distances and sites, average N stocks in the organic layer were
0.118+0.077 kgm? (living),0.105 +0.062 kg m*(dead, ,), 0.130+0.084 kg
m? (dead,), and 0.056 + 0.023 kg m* (treeless tundra). In the E layer,
average N stocks were 0.078 + 0.035 kg m” (living), 0.080 + 0.029
(dead, ,), 0.087 + 0.040 kg m* (dead), and 0.048 + 0.026 kg m* (tree-
less tundra). In the B layer, average N stocks were 0.187 + 0.129 kg m?
(living), 0.126 + 0.092 kg m? (dead, ,), 0.150 + 0.133 kg m* (deads;), and

0.155 + 0.131 kg m? (treeless tundra). For site- and distance-specific N

contents and N stocks, see Figures S6-S8.

3.4 | Ex-situ soil respiration measurement

Basal respiration measured under standardized conditions of
moisture (50% of WHC) and temperature (20°C) decreased in the
order of living>dead,,=dead;;> treeless tundra, both in the or-
ganic (Figure 5a) and mineral layer (Figure 5f). The effect of tree
status was significant in mineral soil, but only close to significant
(p = 0.09) in the organic layer. A post-hoc test revealed significant
differences in mineral soil only between living trees and the treeless
tundra (Figure 5f). Although dead trees were not significantly dif-
ferent from living trees or the treeless tundra, there was a tendency
that dead trees were in transition between living trees and treeless
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FIGURE 4 Total C stocks averaged over the three sites for the
investigated area of 1 m radius around a tree or plot center of the
treeless tundra (3.14 m?). Soil was sampled up to the bedrock, that
is, total SOC stocks were measured. Letters indicate significance
differences of soil C pools

tundra, both in mineral soil and organic layer (Figure 5a,f). The soil
respiration rate was related to C contents in mineral soil (r = 0.55,
p < 0.001) but not in the organic layer (r = 0.15, p = 0.31). When ex-
pressed per g of C (i.e., SOC-specific respiration), soil respiration was
not significantly different between each tree status, neither in the
organic layer nor in the mineral soil (Figure 5b,g). The SOC-specific
respiration was inversely related to the C/N ratio in the organic layer
(r=-0.61, p < 0.001) and mineral soil (r = -0.44, p < 0.001).
Following the addition of glucose, hourly CO, release increased
in comparison with basal respiration rate (Figure S9). The cumula-
tive amount of CO, released within 100 h after glucose addition
(i.e., SIR

less tundra, both in the organic layer (Figure 5c¢) and in mineral soil

um) decreased in the order of living >dead, ,=dead.,> tree-
(Figure 5h). The effect of tree status was significant. Post-hoc tests
revealed that SIR ., under living trees, dead,,, and dead,; trees dif-
fered significantly from the treeless tundra in the organic layer. In
mineral soil, only living trees differed from the treeless tundra. There
was a tendency for dead trees to differ from living trees and from
the treeless tundra, although these differences were not significant.
SIR ., Was positively related to the concentrations of NO,, both in
the organic layer (r = 0.30, p = 0.04) and in mineral soil (r = 0.35,

p = 0.02). Adding (NH,,SO, to the glucose-amended mineral soil
induced larger CO, release than without N addition (Figure S9).

3.5 | Soil biological and chemical properties
Neither the pH value, C/N ratios, nor enzyme activities differed signifi-
cantly between tree status (Table 3). Moreover, the microbial biomass
(MBC) did not differ significantly between tree status in the organic
layer and mineral soil (Figure 5d,i), although there was a decreasing
trend in the order of living>dead,,>dead, ,>treeless tundra (Figure 5i).
Soil N availability differed across tree status: in the organic layer,
NO,~ concentrations were significantly higher under living trees
than under dead,; and the treeless tundra; dead,, was intermedi-
ate, although these differences were not significant (Figure 5e). This
difference did not persist in mineral soil, where no significant differ-
ences were found due to the overall low NO,™ content (Figure 5j). In
all plots, NH4Jr dominated the soil mineral N pool with a minimum of
80% (Table 3), but did not differ significantly between tree status,

neither in the organic layer nor in mineral soil.

3.6 | Soil +understory respiration

Soil +understory respiration was significantly higher under living and dead
trees compared with the treeless tundra, but there was no significant dif-
ference between living and dead trees (Table 4, Figure 6). Nevertheless,
there were remarkable difference between tree status among the three
sites (Figure S10). At site 1 and site 3, average soil +understory respira-
tion decreased in the order of living>dead, ,>dead;>treeless tundra.
However, at site 2, dead, revealed the highest ecosystem respiration

rates, even exceeding those of living trees.

3.7 | Principal component analysis

In the organic layer, the first and second principal components ex-
plained 31% and 27% of variance, respectively (Figure 7a). PC1 was
significantly correlated (p < 0.05) with the original variables: thick-
ness of the organic layer (r = -0.87), SOC stock (r = -0.85), C contents
(r=-0.89), C/Nratio (r = -0.70), and SOC-specific respiration (r = 0.75),
that is, with variables related to SOC quantity and quality. PC2 was
significantly correlated with NO,™ (r = -0.48), NH4+ (r=-0.36), N
(r=-0.62), MBC (r = -0.70), SIR

ration (r = —0.45), and soil respiration (r = -0.89), that is, with variables

cum (r = —0.88), soil +understory respi-
related to N availability and microbial activity. Soil from treeless tun-
dra was separated from living trees mainly along PC2, where treeless
tundra revealed higher values, that is, lower N availability and micro-
bial activity than living trees. Dead trees were intermediate between
living trees and treeless tundra. The soil properties in treeless tundra
mainly varied along the second component, whereas living trees varied
along the first component, that is, the PCA ellipse showing the 90%
confidence interval of living trees was at a 45° angle to the ellipse of
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FIGURE 5 Effect of tree status on soil properties in the organic layer (upper row) and mineral soil (lower row). Whiskers show the
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(i) microbial biomass (organic layer), and (e) NO,-N (mineral soil). In each figure, different letters indicate significant differences (p<0.05).

Different symbols indicate the distribution at the three sites

dead trees (Figure 7a), which were also immediate here. Furthermore,
living and dead trees revealed larger variability in the multidimensional
space, while treeless tundra clustered in a smaller area.

In mineral soil, the first and second principal components ex-
plained 34% and 19% of variance, respectively (Figure 7b). There
was no clear clustering by tree status. As already observed for the
organic layer, living trees revealed the largest variability in the multi-
dimensional space, while treeless tundra clustered in a smaller area,
with dead trees in between.

4 | DISCUSSION

In this study, we aimed to understand the effect of treeline advance
and decline on SOC stocks and dynamics. To this end, we compared
SOC stocks and biochemical soil properties under living trees, tree-
less tundra, and two stages of dead trees (12 and 55 years since
moth outbreak) in a small-scale space-for-time approach. In sum-
mary, our first hypothesis (section 4.1) of living trees having lower
C stocks compared to treeless tundra was rejected. Contrary to our

hypothesis, the net effect of the living tree on soil C stocks was posi-
tive. However, this does not exclude the possibility that the living
tree enhances SOM decomposition via priming effects. In fact, some
of our results point toward higher priming effects under living trees,
but the net effect of the tree was positive, which means that the C
losses from accelerated SOM decomposition under living trees did
not exceed the C inputs. Our second hypothesis (section 4.2) was
that tree death causes the C stocks to develop toward the C stocks
of the treeless tundra. Indeed, several soil properties under dead
trees were in transition between those of living trees and treeless
tundra. Yet, this did not apply to SOC stocks, which remained at an
elevated level comparable to that of living trees, even 55 years after

the moth outbreak. Hence, also our second hypothesis was rejected.

4.1 | Effect of living birch trees on ecosystem
carbon stocks and soil organic matter turnover

Assuming that priming is a relevant mechanism under living trees, we
hypothesized that accelerated SOC turnover leads to smaller SOC
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TABLE 4 F and P statistics for ecosystem respiration measurements. Significant effects are highlighted in bold

Numerator degrees
Ecosystem respiration of freedom
Intercept
Tree status
Measurement date
Soil moisture

Soil temperature

L S = RS BTSN

Measurement date x soil temperature
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FIGURE 6 Soil +understory respiration, soil temperature,
and volumetric soil water content. Mean and standard error are
presented

stocks under living trees compared to treeless tundra (Hartley et al.,
2012; Parker et al., 2015; Wilmking et al., 2006). Contrary to this
hypothesis, we found that SOC stocks were on average significantly
higher under living trees compared with treeless tundra (Figure 3c).
Higher SOC stocks were still evident even 1 m from the tree, al-
though these differences decreased with increasing distance. Most
studies that have reported lower SOC stocks under living trees have
compared forested sites with separate treeless sites, for example,
along latitudinal or altitudinal transects or at locations with con-
siderable distance between each other. In such approaches, SOC
stocks could be also affected by differences in temperature, mois-
ture conditions, soil characteristics, and/or aboveground and below-
ground litter input (e.g., Rapalee et al., 1998; Sjogersten & Wookey,
2004). In this regard, a causal link between trees and lower SOC
stocks is not certain. With our single tree scale approach, we could
investigate the effect of trees under otherwise rather similar condi-
tions. Based on a similar approach, Friggens et al. (2020) identified

Denominator degrees

of freedom F-value p-value
129 213.62159 <0.0001
39 3.81693 0.0172
129 31.37610 <0.0001
129 1.05691 0.3058
129 160.21566 <0.0001
129 61.13878 <0.0001

decreasing SOC stocks with increasing distance from trees, and thus
a positive effect of trees on SOC stocks. Similarly, Adamczyk et al.
(2019) showed that priming-induced SOC losses are smaller than the
positive effect of tree roots on SOC formation and stabilization. It
therefore seems likely that living trees can also accumulate SOM in
subarctic soils, that is, that trees have a positive net effect on SOC
stocks. Together with the large aboveground C storage shown here
(Figure 4) and elsewhere (Heliasz et al., 2011), our results imply that
living trees could strengthen the C sink of the ecosystem.

The effect of living trees on SOC stocks decreased with soil
depth. Even if the average SOC stocks in the E and B horizon were
higher under living trees compared with treeless tundra (Figure 4),
this difference was not statistically significant considering the large
variability (Table 2; Figures S3 and S4). Thus, the significant dif-
ferences in SOC stocks between living trees and treeless tundra
(Figure 4) were mainly driven by the thickness and C concentrations
of the organic layer. It is surprising that the effect of living trees
does not persist with depth, as Ding et al. (2019) observed 46% of
birch fine root biomass was located in mineral soil, which may lead
to considerable C inputs. It is possible that priming effects by root
exudates resulted in faster mineralization of SOM in the N-poor min-
eral soil under living trees. Hartley et al. (2010), Karhu et al. (2016),
and Wang et al. (2015) also found that positive priming mainly takes
place in the mineral soil, but not or at lower rates in the organic layer.
Hence, the effect of higher SOC input under living trees may be can-
celled out by priming in mineral soil.

Numerous studies have clearly demonstrated that priming ef-
fects occur in the field under living trees (Adamczyk et al., 2019;
Clemmensen et al., 2021; Hartley et al., 2012; Parker et al., 2015).
Although we did not directly measure priming, we have several re-
sults that point toward accelerated SOM decomposition under living
trees at our study sites, as discussed in detail below.

Since priming is notoriously difficult to measure under field con-
ditions, it is often investigated in incubation experiments after the
addition of 13C labeled substrates, which allows native SOC miner-
alization to be distinguished from mineralization of labile C (Karhu
et al., 2016). Such experiments only indicate a potential priming ef-
fect under standardized C supply, but do not reflect the naturally oc-
curring priming intensity in soil where labile C supply varies between
living trees, dead trees, and treeless tundra. Yet, priming has been
reported to be driven by microbial N mining, that is, by microbial
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Field resp. is soil +understory respiration measured in the field; and MBC is microbial biomass carbon

decomposition of SOM for N acquisition (Chen et al., 2014; Fontaine
et al,, 2011). In this context, Bengtson et al. (2012) and Dijkstra et al.
(2009) pointed out that N mineralization and priming are coupled:
labile C supply (e.g., from fresh litter and root exudates) increases
microbial N demand, eventually increasing the activity of extracel-
lular enzymes that decompose SOM for N acquisition. Hence, min-
eral N contents may provide hints for priming. Indeed, we found
higher NO;" contents under living trees compared with treeless
tundra. The finding of higher N availability under living trees was
also corroborated by incubation experiments after adding glucose:
soils taken under living trees were able to mineralize larger amounts
of glucose, which, according to Nordgren (1992) and Meyer et al.
(2018) suggests higher amounts of available nutrients, in this case N
(as tested by N additions, Figure S9). Other studies have also shown
that living birch trees increase soil N availability (Mikola et al., 2018;
Silfver et al., 2020). We interpret this finding as an indicator of N
mining, which is presumably coupled with accelerated turnover of
SOM, that is, with priming. However, higher mineral N contents may
also be interpreted inversely: higher mineral N contents under living
trees may indicate less need of microbes to decompose SOM for
N acquisition (Craine et al., 2007), that is, it suppresses priming. In
light of the very N-poor subarctic soils (Hicks et al., 2020), it seems
contradictory to find an excess of mineral N despite the greater N
demand of birch roots. Hence, the excess mineral N under living

trees most likely results from accelerated SOM decomposition close
to the tree. This is further indicated by largest soil +understory res-
piration rates and microbial biomass under living trees.

Besides higher mineral N contents, we also found elevated N
stocks under living trees than under treeless tundra. As both C
and N are major components of SOM, higher N stocks under living
trees are not necessarily surprising, since SOC stocks were also
high. In such nutrient-limited regions, it is unlikely that the soil be-
neath the tree contained sufficient N for accumulating such high
amounts of aboveground and belowground organic matter stocks.
While larger mineral N contents can be explained by accelerated
SOM decomposition close to the tree, another mechanism must
be responsible for elevated N stocks. Although N fixation might
be a potential source of N (Rousk & Michelsen, 2017), we do not
think that this can explain the excess of N under living trees, es-
pecially because mosses as important N fixing species (Zackrisson
et al., 2009) are more abundant in the treeless tundra (Figure S1).
Notably, birch trees form symbioses with ectomycorrhizal (ECM)
fungi that can extend their hyphae several meters (Simard & Durall,
2004) while “mining” the soil for N by decomposing SOM. Friggens
et al. (2020) also highlight ectomycorrhizal networks of birch trees
that exploit resources throughout a forest. In this context, ECM
fungi were reported to stimulate organic matter decomposition
(Clemmensen et al., 2021) and hence, to be critically involved in
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priming (Paterson et al., 2016; Read & Perez-Moreno, 2003). As
a result, litterfall concentrates N that has been acquired from a
larger volume of soil, to a smaller area around it. Hence, elevated
N stocks below the tree may indeed be indicative of N mining, a
process which has also been observed in other mountain birch for-
ests in Fennoscandia (Clemmensen et al., 2021). Yet, locations of
excess N stocks do not necessarily match locations where N was
mined and the associated priming took place. We suggest that N
mining and priming are not exclusively coupled in a spatial way and
hypothesize that elevated N stocks, in parts, could originate from
SOM decomposition further away from the tree.

We found further indications that priming-induced SOC losses
can be considerable, even if this was on average not the case in our
study area. Our results revealed considerable variations in SOC
stocks and dynamics between the three investigated sites (Figure
S3). The finding that site 3 had low SOC stocks under living trees
was remarkable, as tree biomass and thus C input to soil was larg-
est compared with the other sites. Also, respiration rates under
living trees were at a similar or even higher level at site 3 compared
with the other sites (Figure S10), even though site 3 was charac-
terized by lower SOC stocks, similar potential SOC decomposabil-
ity, and colder temperatures. Hence, root respiration may have a
higher contribution to soil +understory respiration at site 3 than
in other sites. The amount of root respiration is correlated with
the amount of root exudation (Sun et al., 2017), which is one of the
main C sources that cause priming (Shahzad et al., 2015). Hence,
it can be speculated that larger priming effects are responsible for
the low SOC stocks under living trees at site 3. Thus, we suggest
that in some cases the high amount of N required by large trees
can stimulate SOM decomposition to such an extent that it com-
pensates for elevated SOC inputs (cf. Hartley et al., 2012), making
it necessary to conduct these studies on several independent sites
simultaneously.

Furthermore, differences in understory vegetation may obscure
the relevance of priming-induced SOC losses under living trees. The
species composition of understory vegetation differed significantly
between living trees and treeless tundra, likely as a result of differ-
ences in nutrient supply. Living trees were associated with larger
proportions of dwarf shrubs, while treeless tundra was associated
with moss and lichen. Also Yldnne et al. (2021) reported a signifi-
cantly higher proportion of Vaccinium sequence reads and higher soil
OM content in samples collected from vicinity of mountain birches
than samples collected further away from the trees. We could con-
firm their observation based on the vegetation mapping in our study.
It has been reported that C input by the understory vegetation can
make a substantial contribution to total soil C input in forests, es-
pecially in the north. For instance, Liski et al. (2006) estimated that
understory vegetation accounts for an average of 28% of C input
across a range of different forest types in Finland. The importance
of the understory vegetation may be even greater when exclusively
focusing on subarctic birch forests, for example, 35% according to
Ding et al. (2019). Hence, the dwarf shrub-dominated understory
vegetation may contribute to the observed accumulation of SOC
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under living trees, especially in the organic layer where 80% of un-
derstory root biomass is located (Ding et al., 2019). The finding of
greater understory root biomass under living trees in comparison
with treeless tundra supports this assumption (Figure 4). Hence,
the understory vegetation may obscure the direct effect of trees on
SOC stocks, that is, the magnitude of accelerated SOC turnover by
birch trees may be underestimated.

Overall, living trees increased the heterogeneity of SOM stocks
and dynamics in comparison with treeless tundra. The PCA plot in-
dicates that the treeless tundra clusters in a narrower range in the
multidimensional space compared to living trees. This was especially
true for mineral soil, where treeless tundra revealed little variation.
We assume that differences in tree properties (e.g., age, size, root
system, etc.) induce a different degree of priming, N mineralization,
and SOC accumulation. This has also been shown by Friggens et al.
(2020), suggesting large variations in respiration and mycorrhizo-
sphere productivity between studied trees. Thus, we conclude that
trees generate soil heterogeneity, ultimately increasing patchiness

of subarctic landscapes.

4.2 | Effect of dead trees on ecosystem carbon
stocks and soil organic matter turnover

We originally hypothesized that tree death causes the soil C stocks
under the tree to develop toward the C stocks of the treeless tundra,
that is, to be in transition between living trees and treeless tundra.
Contrary to our expectations, we did not find a consistent devel-
opment back to tundra-like SOC stocks within 55 years after tree
death, that is, SOC stocks under dead trees did not significantly dif-
fer from those under living trees. In a short-term study, Sandén et al.
(2020) also found no change in SOC stocks within 8 years after tree
death. Similarly, no change in SOC stocks was found within 4 years
after tree death in boreal Picea abies stands caused by a bark bee-
tle outbreak (Kosunen et al., 2020). A continual supply of decaying
wood seems to maintain SOC stocks at comparatively high levels,
even decades after tree dieback.

In addition to continual supply of decaying wood, elevated SOC
stocks under dead trees in comparison with treeless tundra may be
further explained by the understory vegetation. Karlsen et al. (2013)
and Sandén et al. (2020) reported that moth outbreaks affect the
understory vegetation toward a grass-dominated community with
consequently labile litter input to soils. We could not confirm this ob-
servation in our study, possibly because the appearance of grasses is
a short-lived effect caused by the sudden nutrient supply during and
shortly after an outbreak event (Vuojala-Magga & Turunen, 2015).
Here, the understory community remained unaffected by tree death
and resembled that of living trees. Thus, the amount of soil C in-
puts from understory litter and roots may be similar under living and
dead trees, but clearly different from treeless tundra. This can be of
quantitative relevance: according to Liski et al. (2006), the under-
story vegetation was estimated to account for 26% of the total soil
C inputs in Finnish forests. This contribution may be even higher in
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northern birch forests, that is, 35% according to Ding et al. (2019).
Moreover, the composition of SOM may be dominated by recalci-
trant litter input from Empetrum nigrum (Tybirk et al., 2000), both
under living and dead trees, eventually resulting in accumulation of
SOM. The combination of ongoing deadwood supply and unaltered
Cinput from understory vegetation may partly explain the unaltered
SOC stocks upon tree death.

A further explanation for the unchanged SOC stocks may be a
slowed SOM decomposition, which can be assumed for several rea-
sons. First, quality of SOM may change toward a larger proportion
of recalcitrant compounds once the most labile compounds of de-
caying wood have been mineralized (Mackensen & Bauhus, 2003).
This, however, was not observed here. Instead, the SOC-normalized
respiration did not decrease upon tree death, which indicates similar
potential decomposability of SOC under living and dead trees (Fang
& Moncrieff, 2005; Mikan et al., 2002). This finding may be partly
explained by the unchanged understory vegetation (see above),
thereby attenuating the effect of tree death on overall SOC decom-
posability. Second, the need of vegetation and microorganisms for N
may decrease in the absence of trees, tree exudates (Bengtson et al.,
2012), and mycorrhiza (Paterson et al., 2016; Read & Perez-Moreno,
2003). Together with the excess of available N in the soil both before
(i.e., living trees, Figure 5) and immediately after the moth outbreak
event (Kaukonen et al., 2013), N deficiency was likely alleviated after
tree death, which may restrict SOM decomposition for the N acqui-
sition, that is, N mining. Indeed, we found lower NO, contents and
SIR_,,, under dead trees compared with living trees, which points
to smaller amounts of available nutrients. This indicates that SOM
turnover—but not potential decomposability of SOM—decreased
upon tree death. Lower soil +understory respiration and MBC under
dead trees compared with living trees further support this assump-
tion. In summary, the combination of ongoing deadwood supply,
unaltered C input from understory vegetation, and slowed SOM
turnover may explain why SOC mineralization could not exceed SOC
input for at least 55 years after tree death.

Our results of lower N availability, MBC, and soil respiration
under dead trees oppose previous observations that mainly covered
the short-term effects of moth outbreaks. Such studies mainly re-
ferred to the deposition of insect frass, which was reported to be
more easily available to microbes than senesced litter (Kristensen
et al., 2018), thereby enhancing SOM turnover (Kaukonen et al.,
2013). Increases in available N and dissolved organic carbon were
also reported, with stimulating effects on MBC and ultimately soil
respiration (Kaukonen et al., 2013; Kristensen et al., 2018; Sandén
et al., 2020). Here, we did not observe any of these short-term ef-
fects that have been observed after moth outbreaks, neither after
12 nor 55 years since the outbreak. This contradiction to previ-
ous studies is likely a result of the different time scale considered.
Kristensen et al. (2018) speculated that moth outbreaks cause a
short-term increase, but long-term decrease in decomposition rates
of SOM. Hence, the stimulation of microbial activity upon tree death
is likely a short-lived effect triggered by a sudden C and N supply
that is not reflected in our data.

Although we found indications for decreasing SOM turnover
under dead trees, it did not reach the level of treeless tundra, even
after 55 years. Enzyme activities reflect unaltered C or N acquisi-
tion strategies of soil microbes upon tree death. Indeed, leaching
of dissolved organic carbon from deadwood has been reported,
thereby stimulating MBC and respiration (Bantle et al., 2014;
Persoh & Borken, 2017). This effect may persist in the long term.
For instance, Minnich et al. (2020) observed elevated MBC and
SOC mineralization rates in soil beneath deadwood even 8 years
after experimentally placing logs on the forest floor. Furthermore,
several studies showed that fungi transfer N from soil to the decay-
ing wood (Oleveira Longa et al., 2018; Philpott et al., 2014; Rinne
et al,, 2017), hence N mining may continue upon tree death. Such
processes may likely be more prominent in our long-term study
with more deadwood laying on the forest floor compared to studies
that focused on short-term effects of moth outbreaks with stand-
ing trees. Hence, N mining and associated priming may continue
for a long time after tree death, although at lower rates, and mainly
triggered by deadwood instead of root exudates as a source of la-
bile C. This transitional state of dead trees is also visualized by the
PCA. In the organic layer, living trees clustered in the lower part
of the plot, while treeless tundra was on the upper part and dead
trees were in between (Figure 7a). Hence, tree death is accompa-
nied by a transition from a rather N-rich soil with high microbial
activity to a N-poor soil with low microbial activity. These changes
in soil properties upon tree death indicate a shift in characteristics
of biogeochemical cycling toward a state comparable with treeless
tundra. Yet, even after 55 years, SOM turnover was still elevated in
comparison to treeless tundra.

While SOC stocks remained at an elevated level even decades
after moth outbreaks, it should be highlighted that the overall eco-
system carbon stock was clearly reduced by tree death, mainly
caused by a decline in aboveground biomass. In such heavily grazed
areas, reindeer grazing is a crucial factor in regulating birch growth
(Stark et al., 2021), thereby possibly also determining whether birch
trees recover or die after moth defoliation (Lehtonen & Heikkinen,
1995). It may also restrict growth of new trees (Biuw et al., 2014;
Olofsson et al., 2009). There is clear evidence from published stud-
ies that regeneration of birch forest is hampered on the year-round
grazed areas on the Finnish side, compared to Norway, where the
reindeer migrate seasonally between summer and winter range
(Biuw et al., 2014; Kumpula et al., 2011). While the long-term trends
in reindeer population densities are quite similar in both countries,
the overall reindeer densities in Norway (1.56 reindeer/km?® in
2006/2007) are slightly lower than in our study area (2.38 reindeer/
km? in 2006/2007; Biuw et al., 2014). Moreover, seasonal migra-
tion of reindeer is still practiced in the neighbored areas in Norway,
that is, there are separate seasonal pastures with summer grazing
in coastal areas, and only winter grazing (i.e., no grazing on birches)
in the interior birch forests. In our study area, in contrast, the area
is a year-round pasture for reindeer (Biuw et al., 2014). However, it
remains uncertain to what extent the lack of forest recovery on our
sites was affected by reindeer densities and on the other hand by
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historical developments in the study area, preventing the reindeer
from going into separate summer and winter pastures. In the circum-
polar Arctic, it is more common for the reindeer to migrate season-
ally between winter and summer ranges (Stark et al., 2021), which
affects the generalization of our findings over a larger geographic
scale. In summary, we conclude that in this area, the increased oc-
currence of moth damage would have minor effects on SOC stocks,
but would decrease ecosystem C stocks if the mountain birch for-
ests will not be able to recover from the outbreaks. However, we
cannot exclude the possibility that the effect of moth outbreaks on
ecosystem C stocks are different in regions that are less heavily af-
fected by grazing, which calls for a comparison of areas with differ-

ent grazing intensities.

5 | CONCLUSIONS

Our results indicate that trees strengthen the subarctic carbon sink
in the Pulmankijarvi area of Finnish Lapland by increasing above-
ground and belowground carbon stocks. Forest dieback by severe
moth damage may become more frequent in the future due to global
warming, and may decrease the total ecosystem C stocks. However,
although aboveground biomass decreased upon tree death, SOC
stocks under dead trees remained at comparable levels to living
trees for at least 55 years. We conclude that the CO,-related posi-
tive feedback of forest disturbance on climate change might be small
and very slow in the subarctic region, although only with respect to
soil, but not to aboveground stocks. Importantly, our data also high-
light considerable spatial variability in the effect of tree status on
SOC stocks. This clearly warns against comparing separate sites of
living forests, dead forests, and treeless tundra when making predic-
tions about the effect of treeline advancement or recession. We con-
sider the small-scale approach as a more reasonable space-for-time
substitution in such patchy landscapes. While our study represents
a comprehensive survey of the net effects of mountain birch tree
deaths on ecosystem soil C stocks in the Pulmankijarvi area, similar
small-scale studies are required in other regions of Fennoscandia to

study how generalizable our findings are.
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