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ABSTRACT

Tree mortality from insect infestations can signifi-
cantly reduce carbon storage in forest soils. In
subarctic birch forests (Betula pubescens), ecosystem
C cycling is largely affected by recurrent outbreaks
of defoliating geometrid moths (Epirrita autumnata,
Operophtera brumata). Here, we show that soil C
stocks in birch forests across Fennoscandia did not
change up to 8 years after moth outbreaks. We
found that a decrease in woody fine roots was
accompanied by a lower soil CO, efflux rate and a
higher soil N availability following moth outbreaks.
We suggest that a high N availability and less
ectomycorrhiza likely contributed to lowered het-
erotrophic respiration and soil enzymatic activity.
Based on proxies for decomposition (heterotrophic

respiration, phenol oxidase potential activity), we
conclude that a decrease in decomposition is a
prime cause why soil C stocks of mountain birch
forest ecosystems have not changed after moth
outbreaks. Compared to disturbed temperate and
boreal forests, a CO,-related positive feedback of
forest disturbance on climate change might there-
fore be smaller in subarctic regions.
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HiGHLIGHTS

e Soil C stocks in subarctic birch forests did not
change after moth outbreaks.

e A high N availability lowered enzymatic activity
and CO, efflux from decomposition.

e Positive feedback on climate change might be
smaller compared to other ecosystems.

INTRODUCTION

Northern forest soils store large amounts of carbon
(C) and act thereby as a globally important sink for
atmospheric CO, (Pan and others 2011; Bradshaw
and Warkentin 2015). The size of soil C stocks de-
pends largely on the balance between organic
matter (OM) input to the soil (C gain) and its
decomposition by heterotrophs (C loss). Pulses of
tree mortality from insect infestations and other
disturbances (for example, windthrow, fire) affect
this balance. Across disturbed temperate and boreal
forests, soil C loss through decomposition seems to
predominate—resulting in reduced soil C stocks
following disturbance events (Thom and Seidl
2015; Zhang and others 2015). If photosynthetic C
fixation cannot compensate for post-disturbance C
losses, this may cause a positive feedback on rising
atmospheric CO, concentrations and thus on cli-
mate change (Bonan 2008; Kurz and others 2008).
In contrast to temperate and boreal forests (Thom
and Seidl 2015; Zhang and others 2015), distur-
bance effects on soil C stocks and on mechanisms
underlying decomposition processes remain
uncertain for subarctic forests. However, because
high-latitude regions are particularly vulnerable to
climate warming (IPCC 2014), this information is
key to assess additional disturbance-mediated
feedback loops to the climate system (Thom and
others 2017).

Subarctic deciduous forests cover «close to
30,000 km? of northern Fennoscandia, and the
majority of the area is dominated by mountain
birch (Betula pubescens var. pumila) (Normander
and others 2009; Kuuluvainen and others 2017).
The ecosystem C cycle in mountain birch forests is
strongly affected by recurrent and abrupt outbreaks
of geometrid moths (Epirrita autumnata, Operophtera
brumata) (Heliasz and others 2011; Olsson and
others 2017). Severe moth outbreaks can cause
defoliation over thousands of square kilometres
within a few years. In the 1960s, about 5000 km?
were reported to be defoliated in northern Finland
(Tenow and Bylund 2000), and during the 2000s,

about 10,000 km? were estimated to be defoliated
in northern Fennoscandia (Jepsen and others
2009a). Repeated defoliation events (over the
course of several years) exceed the stress tolerance
of trees and cause extensive forest mortality (Jep-
sen and others 2013). A range expansion of moth
outbreaks has been observed in recent decades
(Jepsen and others 2008). This expansion is possi-
bly caused by more favourable winter tempera-
tures, enhancing the survival of overwintering eggs
(Virtanen and others 1998; Neuvonen and others
1999), and by an increased phenological match
between egg hatch and birch bud burst (Jepsen and
others 2009b). Warmer conditions under future
climates could therefore intensify moth outbreaks
in subarctic forests—comparable to intensified bark
beetle outbreaks in boreal forests (Ramsfield and
others 2016).

Defoliation by moth outbreaks is known to re-
duce C fixation by plants (Heliasz and others 2011;
Dahl and others 2017; Olsson and others 2017). A
consequent decrease in belowground translocation
of C may affect tree root activity (for example,
respiration, exudation) and biomass (Hogberg and
others 2001; Scott-Denton and others 2006).
However, it can also influence soil microbial com-
munity structure (Kaiser and others 2010; Pena
and others 2010) and soil nitrogen (N) cycling,
enzymatic activity and heterotrophic respiration
(Weintraub and others 2007; Kaiser and others
2011; Brzostek and others 2015). In accordance,
subarctic birch stands affected by moth outbreaks
featured a reduction in fine roots, ectomycorrhizal
fungi and soil CO, efflux (Saravesi and others 2015;
Parker and others 2017) and an increased N avail-
ability, for example, due to frass deposition or re-
duced N uptake by vegetation (Kosola and others
2001; Kaukonen and others 2013; Parker and
others 2017). Although increased N supply can
have both accelerating and decelerating effects on
OM decomposition (Averill and Waring 2018),
decomposition of more recalcitrant OM (for
example, in humus layers) could be demonstrated
to decrease under increasing N (Craine and others
2007; Janssens and others 2010; Ramirez and
others 2012). In high-latitude forests, for example,
OM degrading enzymes released from ectomycor-
rhizal fungi (Bodeker and others 2014) and soil C
turnover (Baskaran and others 2017) were highly
sensitive to N availability. Thus, OM decomposition
might be reduced following moth defoliation
accompanied by increases in N availability. In
contrast to other forest ecosystems (Thom and Seidl
2015; Zhang and others 2015), post-disturbance
soil C losses and changes in soil C stocks might
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therefore be small or even negligible in disturbed
subarctic birch forest ecosystems. Although previ-
ous findings point towards reduced decomposition
rates following moth outbreaks, and possible rea-
sons for slowed biochemical dynamics have been
speculated on (for example, reduced mycorrhizal
activity), (Saravesi and others 2015; Parker and
others 2017), a mechanistic understanding of
underlying processes is still lacking and eventual
consequences for soil C stocks are unknown.

In this study, we hypothesized that decomposi-
tion of soil OM and associated soil C losses via
heterotrophic respiration would decelerate after
moth outbreaks relative to the induced disturbance
level (Figure 1). We related this to a decrease in
tree root and ectomycorrhizal abundance and
activity, an increase in soil N and an accompanied
reduction in soil enzymatic activity (as outlined
above). As a consequence of reduced soil C losses,
we further hypothesized that soil C stocks of sub-
arctic birch forest ecosystems would not decline
significantly within the first decade after moth
outbreaks. To test our hypotheses, we conducted a
field experiment along five moth outbreak gradi-
ents in subarctic mountain birch stands in Norway,
Finland and Sweden. The experiment covered a
geographical range of approximately 500 km; soil
CO, efflux, heterotrophic respiration and enzy-
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Figure 1. Predicted effects of disturbance level by moth
outbreaks on belowground properties and processes in
subarctic mountain birch forests in Fennoscandia. A re-
duced carbon fixation by trees may be associated with a
reduction in roots and ectomycorrhizal symbionts (EM).
Soil nitrogen availability was expected to increase. Since
enzymatic activity was supposed to decrease, decompo-
sition of soil organic matter and an associated soil C loss
were hypothesized to decrease after moth outbreaks
(Color figure online).

matic activity (as indices for decomposition), as
well as root biomass, N availability and soil C
stocks, were measured at 55 plots. Structural
equation modelling was used to untangle complex
relations among measured variables and to test
how they are affected by disturbance from moth
outbreaks.

METHODS
Field Sites and Experimental Set-Up

Soil CO, efflux measurements and soil/root sam-
ples were taken in August 2013 at 5 mountain
birch (Betula pubescens ssp. czerepanovii (N. 1. Orlova)
Hamet-Ahti) sites featuring different levels of moth
outbreaks (‘disturbance levels’) and points of time
post-disturbance. The sites were located in north-
ern Norway, Finland and Sweden (Figure 2A). The
north-western sites (Nor2, Finl and Fin2) were
affected by outbreaks in 2006-08, the north-east-
ern site (Norl) in 2007-09, and in the Swedish site
the outbreak started in 2012 and was ongoing in
2013 during sampling (Figure 2B). The outbreaks
are documented by a time series of the mean de-
crease in the Normalized Density Vegetation Index
(NDVI), recorded around midsummer, within a 1-
km buffer around all affected (intermediate, dead)
plots, relative to a year without outbreaks (Fig-
ure 2B; Jepsen and others 2009a, b). The sampling
areas in Norway, Finland and Sweden are domi-
nated by well-developed podzols and are described
in detail by Vindstad and others (2014), Kaukonen
and others (2013), Parker and others (2017), and
Olsson and others (2016), respectively.

At each site, 8-13 sampling plots were selected,
representing two to three disturbance levels in-
duced by moth outbreaks (Supplementary Fig-
ure 1): plots in stands undisturbed by moths
(control, n=23), plots with brief moth outbreaks
and low tree mortality (intermediate, n=12) and
plots with extended moth outbreaks and very high
tree mortality (dead, n=20). At each plot, three
subplots within 5 m from the centre were selected;
criteria were a distance of more than 1.5 m to tree
boles and more than 0.5 m to stone outcrops. Moth
outbreak levels at plot/subplot level were homo-
geneous. The vegetation cover of grass and dwarf
shrubs was estimated within a 0.5 m x 0.5 m square
at each subplot. The ericaceous understory con-
sisted of the dwarf shrubs Empetrum hermaphrodi-
tum, Vaccinium myrtillus, V. vitis-idaea, V. uliginosum;
grass, especially Deschampsia flexuosa, dominated on
severely disturbed plots. In total, 165 subplots were
sampled, covering a wide range of abiotic and biotic
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Figure 2. Moth disturbance gradients and moth outbreak history. A A map of the study region in northern Fennoscandia
with the 5 study sites marked, and B disturbance history per site as illustrated by a time series of the average NDVI
anomaly within a 1-km buffer around all affected (intermediate, dead) plots. More negative values indicate a larger
anomaly (for example, more severe outbreaks) (Color figure online).

conditions. Further information on sampling sites is
given in Supplementary Table 2.

Soil CO, Efflux

Soil CO, efflux was measured in situ for 2 min or
until ACO, increase exceeded 50 ppm, using a
closed chamber system with a respiration chamber
of 10 cm in diameter (SRC-1, PP Systems, Ames-
bury, MA, USA) connected to an infrared gas
analyser (IRGA; EGM 4, PP Systems). Measure-
ments were conducted by placing the respiration
chamber on the soil surface. Prior to measure-
ments, aboveground vegetation was clipped to ex-
clude aboveground organs from the measurement
chamber and to guarantee chamber closure to-
wards the ground. The effect of clipping on current
autotrophic respiration was predicted negligible
since grass root respiration has been shown to be
largely maintained by carbohydrate reserves (Bahn
and others 2006). Soil CO, efflux measurements
were repeated twice (interrupted by venting the
chamber); if the soil CO, efflux measurements
differed more than 0.1 umol CO, m ? s ', a third
measurement was conducted after venting. Soil
temperature (£0.1°C) was determined adjacent (4—
5 c¢m) to the respiration chambers’ outer rim at
5 cm depth. Plot-specific temperature sensitivities
obtained from heterotrophic respiration measure-
ments ex situ (see below) were used to standardize
field soil CO, efflux to 10°C soil temperature
(Curiel Yuste and others 2005); soil CO, efflux

in situ was expressed in pmol CO, m %s™".

Soil Sampling and Sample Preparation

Per subplot, one soil core was extracted from un-
derneath the spot of CO, measurement—driving a
soil corer (6.8 cm inner diameter) manually to a
maximum soil depth of 20 cm (depending on stone
content). The thickness of the humus layer was
measured in the hole to correct for compression.
The soil core was divided into humus layer and
mineral soil and stored in plastic bags; mineral soil
was divided into mineral soil of the first 10 cm not
being humus (x~10 cm) and 10-20 cm soil depth.
In the evening of each sampling day, the mineral
soil samples were sieved (2 mm), and the stone
content was recorded. Roots were collected and
stored in water-filled plastic bags. The humus layer
was stored in plastic bags until root collection and
sieving (4 mm) took place in the laboratory. All soil
and root samples were stored in a cooling room at
4°C until further analyses.

Root and Soil Analysis

Roots of soil depth 0-10 cm were rinsed and dis-
sected into coarse (diameter >2 mm; data not
shown) and fine (/<2 mm) root segments; rarely
discovered stolons of grass were discarded. Using a
stereo microscope (10-40x), the fine root fraction
was separated into woody and grass/herb roots
(Rewald and others 2012); woody fine roots were
further separated into living (biomass) and dead
(necromass) root segments according to colour,
root elasticity and the degree of cohesion of cortex,
periderm and stele (Rewald and Leuschner 2009).
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All grass/herb roots were considered alive because
of the relatively fast decay compared to woody
roots. Subsequently, all root samples were dried
(70°C, 48 h) and weighed (+0.1 mg) to determine
the root mass per m?.

After grinding (Pulverisette 5, Fritsch, Germany)
and homogenization of the sieved humus layer, the
total C and N concentrations of 300 mg of dried
sub-samples were measured with a TruSpec CN
analyser (Leco Corp., St Joseph, MI, USA) accord-
ing to Austrian standard protocol (ONORM L 1080
1999). The organic content of the mineral soil was
analysed by loss of ignition at 450°C (De Vos and
others 2005); carbon content of mineral soil was
calculated using measurements of 10 random
samples by the TruSpec CN analyser as reference.
Soil moisture content was calculated after drying at
70°C (until constant weight).

Soil organic C stocks (kg m~2) were determined
for humus, 0-10 and 0-20 c¢m soil depth, respec-
tively. When the soil corer did not reach 20 cm soil
depth (due to high skeletal structure), the missing
soil fraction of individual cores was predicted to
hold the same C content as the sampled one.

Heterotrophic Respiration from Humus

The CO, efflux from heterotrophic respiration was
measured from composite humus samples using a
closed chamber system. Composite samples were
obtained by combining sieved humus samples of
the three subplots per plot in equal proportions.
Fresh humus of standardized moisture was filled
into 250 cm’ plastic cores that were placed in
sealed plastic containers (2 1). Inside an incubator,
twenty containers were connected to an IRGA
(SBA-4, PP Systems, USA); for measurement, a
multiplexer switched between the containers every
10 min, while the 19 non-measured containers
were vented (preventing CO, build-up). CO, efflux
was measured consecutively at 5, 12.5, 20, 12.5
and 5°C; each temperature step lasted for 13 h (see
Mayer and others 2017b for details). Heterotrophic
respiration rates were related to incubation tem-
perature, and temperature sensitivities were cal-
culated; temperature sensitivities were expressed as
Qo values (that is, proportional change in hetero-
trophic respiration at a 10°C increase in tempera-
ture) as described in Mayer and others (2017a).
Plot-specific temperature sensitivities were used to
standardize field soil CO, efflux at 10°C soil tem-
perature (see above). Heterotrophic respiration
rates of humus were expressed in pmol
CO,gC'sh

Humus Enzymatic Activities and N
Concentrations

The three humus samples from each plot were
merged (as above), and analysed for potential soil
extracellular enzyme activity and N concentrations.
Microbial extracellular enzyme activities were
measured after incubation at room temperature
using a microplate method (Allison and others
2008). A soil homogenate (3 g fresh soil, 60 ml
Milli-Q water) was prepared, after which 200 pl of
the sample was mixed with 100 pl of enzyme
substrate in a 96-well plate: paranitrophenyl pNP-
B-glucopyranoside for B-glucosidase (BG), pNP-f-
N-acetylglucosaminide for B-N-acetylglu-
cosaminidase (NAG, “Chitinase”), leucine p-ni-
troanilide for leucine aminopeptidase (LAP), pNP-
phosphate for acid phosphatase (AP) and L-3,4-
dihydroxyphenylalanine for phenol oxidase (PO).
BG, NAG, LAP and AP catalyse reactions that
hydrolyse the terminal linkages of oligomers re-
leased from polymers, and PO catalyses oxidative
reactions in the decomposition of phenols; see
Sinsabaugh and others (2008) for details. Urease
(U) releases ammonium from urea (Carreiro and
others 2000). Samples were analysed on a Mul-
tiskan FC microplate photometer (Thermo Fisher
Scientific). Urease activity was verified by mea-
suring the formation of NH," after 5 h (Carreiro
and others 2000). Extinction coefficients were ob-
tained based on standard curves for p-nitrophenol
(BG, NAG, AP), p-nitroaniline (LAP) and NH,CI
(U); the coefficient for PO was determined as the
oxidation of pyrogallol by mushroom tyrosinase.
The background absorbance of the soil slurry and
enzyme substrates was accounted for. Extracellular
enzyme activities were calculated as pmol h™" g™
OM; organic matter was determined by loss on
ignition (550°C, 3 h).

Inorganic N was analysed from two sub-samples
of about 3 g humus which were extracted with
50 ml of 0.5 M K,SO4. Additionally, the concen-
trations of ammonium N (NH, SFS 3032, Shi-
madzu UV-1700 spectrophotometer) and nitrate N
(NO5; SFS-EN ISO 13395, CFA Seal Analytical
AA3) were analysed.

Statistics and Structural
Equation Modelling

Statistical analyses were conducted on plot means
(n=55) calculated from 3 subplots each. Linear
mixed effect models (Pinheiro and Bates 2000)
were used to test for effects on measured variables.
Sites and moth outbreak levels (that is, disturbance
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levels; control, intermediate, dead) were, respec-
tively, assigned as random and fixed effects in each
model. Data were tested for normal distribution
and variance homogeneity prior to analysis. If the
assumption of homogeneity was violated, a dis-
turbance-level specific variance structure was
incorporated in the model (Zuur and others 2009).
Tukey’s post hoc tests were used to analyse whe-
ther measured variables differed between distur-
bance levels.

Structural equation modelling (SEM) (Grace
2006; Grace and Bollen 2008; Beaujean 2014) was
used to study relations among variables which
were significantly affected by moth outbreaks. An a
priori model was set up first (Grace 2006; Grace and
Bollen 2008; Beaujean 2014). This a priori model
included pathways which we hypothesized to de-
scribe the relations among disturbance level (by
moth outbreaks), grass and woody fine root bio-
mass, humus C/N ratio and NH, concentration,
potential enzyme activities of NAG and PO, het-
erotrophic respiration and soil CO, efflux (Sup-
plementary Figure 4). The variables C/N ratio and
NH, concentration were combined in a latent
variable named ‘N availability’ (Beaujean 2014).
The a priori model was tested against measure-
ments, but many pathways and the overall model
fit were not significant. Thus, in a backward model
selection, the non-significant pathways were re-
moved in order to obtain the best model. Model
selection was based on Akaike’s information crite-
rion (AIC), Chi-squared test results and Compara-
tive Fit Index (CFI) (Grace and Bollen 2008;
Beaujean 2014). The best model describing the
relations among variables was identified by a low
Chi-squared value, a high CFI and a model p value
> 0.05 (indicating a good model fit in SEM).

Statistical analysis was performed in R (R Core
Team 2014) using packages ‘nlme’ (Pinheiro and
others 2014) and ‘lavaan’ (Rosseel 2012) for mixed
effects modelling and structural equation mod-
elling, respectively. Throughout the text, means
and standard errors (SE) are given.

REsuLTS

Understory Vegetation, Root Biomass,
Soil Temperature and Moisture

The three disturbance levels caused by
absence/severity of moth outbreaks (control,
intermediate and dead) featured significantly dif-
ferent understory compositions; dwarf shrubs pre-
vailed at the control plots (65% surface cover),
whereas the ground vegetation of dead plots was

grass dominated (55% surface cover; Table 1).
Compared to control plots, biomass of woody fine
roots (d <2 mm) was significantly lower at inter-
mediate and dead plots; no differences were found
between the latter (Table 1). The grass/herb root
biomass showed the opposite trend, featuring sig-
nificantly greater root biomasses at the dead plots
than in the control plots (Table 1). Neither the bio-/
necromass of woody coarse roots nor the necro-
mass of woody fine roots differed between moth
outbreak levels (data not shown). At the time of
soil CO, efflux measurements, soil moisture (hu-
mus layer) and soil temperature (at 5 cm depth)
were 7.2% and 0.8°C higher at the dead plots as
compared to the control plots (Table 1). Soil tem-
perature of intermediate plots was found to be
between those of control and dead plots.

Soil CO, Efflux and Heterotrophic
Respiration

Soil CO, efflux was significantly higher at control
plots compared to intermediate and dead plots at all
sites; no difference in soil CO, efflux was found
between intermediate and dead plots. (Figure 3A,
Supplementary Figure 2). Heterotrophic respiration
rates of the humus layer ex situ were found to be
significantly higher at the control than at the
intermediate plots; however, heterotrophic respi-
ration rates at dead plots did not differ significantly
from rates at control and intermediate plots,
respectively (Figure 3B). Q;o did not vary among
disturbance levels (data not shown).

Soil C and N

Neither soil C content nor total C stocks were sig-
nificantly affected by moth disturbance across soil
horizons (Table 1), even when excluding the re-
cently disturbed sites in Abisko (data not shown).
The C/N ratio of the humus layer was significantly
lower at the intermediate and dead plots as com-
pared to the control plots; no difference in C/N
ratios was found between intermediate and dead
plots. This was reflected by the extractable NH,
concentrations of the humus layer, which were
about three times higher in the dead plots as
compared to the control plots (Table 1). Similarly,
extractable NO3 concentration doubled in the hu-
mus layer of dead plots; however, this increase was
not significant.

Potential Soil Enzymatic Activities

The potential enzyme activities of PO (that is,
breakdown of non-easy degradable SOM com-



Moth Outbreaks Reduce Decomposition 157

Table 1. Vegetation Cover, Root Mass, Soil Temperature and Moisture as Well as Humus and Soil C and N
Properties of 55 Fennoscandian Birch Stands Categorized as Control (No Moth Outbreak), Intermediate (Birch
Trees Attacked Once by Moth) and Dead (Repeated Moth Outbreaks)

Parameter Control Intermediate Dead
Shrub cover (%) 6546 4447° 2745
Grass cover (%) 16+5° 33£10° 55+7°
Soil temperature, 5 cm (°C) 12.1+0.3° 11.740.6%° 12.9+0.4°
Humus moisture (%) 57.942.6° 64.1+1.9%° 65.1+1.8°
Woody fine roots (g m?) 538+46° 338456° 2544320
Grass/herb roots (g m™?) 34487 754213 102+15°
C content in humus (%) 43.9+1.8° 43.3+1.7° 42.5+1.3°
N content in humus (%) 1.440.1° 1.54£0.1°° 1.6+0.1°
C/N ratio of humus 31+£1° 28+1° 27+1°

C in humus layer (g m?) 27504246 2366+379° 26054325
Cin 0-10 cm (g m—z) 3673+214° 3674+363° 3885+313°
Cin 0-20 cm (g mfz) 5853+341° 5636+5837 6118+631?
Humus extractable NH," (mg g OM ™) 15.3+£4.1° 17.3+4.67 49.9+16.8°
Humus extractable NO;~ (mg g OM }) 1.940.2° 2.0+0.2° 4.1+1.6%

Significant differences between control, intermediate and dead stands are indicated by different letters (Tukey test, p < 0.05; mean=+SE).
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Figure 3. Soil CO, efflux and heterotrophic respiration of the humus layer. A Soil CO, efflux measured in the field, and B
heterotrophic respiration of the humus layer measured in the laboratory of control (not affected by moth outbreaks),
intermediate (brief outbreaks and low tree mortality) and dead (extended outbreaks and very high tree mortality). Values
have been standardized to fluxes at 10°C soil temperature. Significant differences between control, intermediate and dead
stands are indicated by different letters (Tukey test, p < 0.05; n=12-23, mean=+SE).

pounds) and NAG (that is, breakdown of chitin
from fungal cell walls) showed a clear decrease
with level of disturbance and were significantly
lower in intermediate and dead stands as compared
to control (Figure 4); the difference in NAG be-
tween control and dead stands was, however, only
marginal significant (p=0.051). No differences in
PO and NAG were detected between intermediate
and dead plots. The potential activities of LAP, U,
BG and AP were not significantly affected by moth
outbreaks (Supplementary Figure 2a—d).

Structural Equation Model

The structural equation model (SEM; Figure 5) was
based on the variables significantly affected by
moth outbreaks (Table 1, Figures 3, 4). The final
SEM (Figure 5) possessed a non-significant p-value
(»=0.25), a high CFI value (CFI=0.98) and a low
Chi-squared value (X2:26.03), indicating a good fit
to the data (Grace 2006; Beaujean 2014). The SEM
explained 21-71% of the variation depending on
the variable, soil CO, efflux (62%), woody fine
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ences between control, intermediate and dead stands are indicated by ditferent letters (Tukey test, p <0.05; n=12-23,

mean=+SE).
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Figure 5. Structural equation model describing the effect
of disturbance level (by moth outbreaks) on soil prop-
erties and processes and their relationship among each
other. Solid boxes represent measured variables, and el-
lipses are latent variables (indicated by measured vari-
ables). Significant relationships and correlations between
variables are represented by single- and double-headed
arrows, respectively; solid (black) lines and dashed-dot-
ted (red) lines are positive and negative (cor-)relations,
respectively. Path coefficients are given in Supplemen-
tary Table 1. N nitrogen; PO phenol oxidase; NAG chiti-
nase (Color figure online).

root biomass (33%), grass root biomass (21%),
heterotrophic respiration (40%), N availability
(37%), PO (66%) and NAG (71%). The distur-
bance level was positively related to grass/herb root
biomass (D and negatively related to woody fine
root biomass @. (Numbers represent pathways in
Figure 5, Supplementary Table 1.) A negative cor-
relation was found between root types, that is, with
increasing disturbance level the woody fine root
biomass decreases and the grass/herb biomass in-
creases @. The N availability was negatively cor-
related with the woody fine root biomass &. When
the woody fine root biomass decreased (after dis-
turbance), the increased N availability was based
on a reduced C/N ratio and a greater NH, concen-
tration. The N availability was negatively related to
potential NAG ® and PO (D activities. Thus, with
increasing disturbance, the potential NAG (chitin
hydrolysing) and PO (phenol oxidizing) activities
decrease due to the increased N availability. A di-
rect negative effect between disturbance and
potential PO @ and NAG @ activities further en-
hanced the effect of disturbance on NAG and PO.
Heterotrophic respiration was positively related to
the potential PO activity @, that is, when the
potential PO activity decreased due to disturbance,
the heterotrophic respiration decreased as well.
Finally, the soil CO, efflux measured in the field
was positively related to woody fine root biomass
@, heterotrophic respiration @ and potential NAG
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activity @. Thus, the three major factors underly-
ing the decreased soil CO, efflux of disturbed plots
were a reduced woody fine root biomass, a reduced
heterotrophic respiration and a reduced potential
NAG activity. Other tested relations included in the
a priori model (Supplementary Figure 4) were not
found to be significant or did not improve the
overall accuracy of the final model (data not
shown).

DiscussioN

Forest soils store huge amounts of carbon (C) and
represent a globally important sink for atmospheric
CO, (Pan and others 2011; Bradshaw and War-
kentin 2015). In the light of climate change, it is
crucial to understand how different disturbance
agents affect the forest C cycle. Here, we investi-
gated soil properties and processes related to OM
decomposition and soil C storage along moth dis-
turbance gradients in subarctic mountain birch
forests of Fennoscandia. Our indices/proxies for
decomposition (for example, phenol oxidase, soil
CO, efflux) support our hypothesis that OM
breakdown decreases with moth outbreak severity
and accompanied disturbance levels (Figure 1).
Consequently, reduced rates of decomposition
were suggested to be a major cause for stable soil C
stocks in moth-affected stands (Table 1).

We found a persistent decline in woody fine root
biomass with increasing disturbance from moth
outbreaks (Table 1), presumably related to a re-
duced C fixation after defoliation (Heliasz and
others 2011; Dahl and others 2017; Olsson and
others 2017). A decrease in woody fine roots has
been reported previously for moth-attacked birch
stands and other tree species after insect infesta-
tions (Borkhuu and others 2015; Cigan and others
2015; Saravesi and others 2015). A coinciding
reduction in N uptake by root systems (Kosola and
others 2001; Manninen and others 2011) and a
slowed down N mobilization and uptake by ecto-
mycorrhizas (Kaukonen and others 2013; Parker
and others 2017) likely underlie the increase in N
availability following moth outbreaks (Table 1,
Figure 5, ®). At the same time, the N bound in the
dying roots and mycorrhiza might get mineralized.
In addition, the input from moth frass deposition
likely contributes to higher levels of N immediately
after defoliation (Kaukonen and others 2013). Al-
though grass cover increased significantly with
disturbance level (Figure 5, (D), we could not de-
tect a direct link between grass root biomass and
soil N availability (Figure 5). This suggests that N
uptake by post-disturbance ground vegetation

could not fully compensate for N accumulation
following moth outbreaks.

Previous studies have shown that the microbial
release of extracellular enzymes mediating soil OM
decomposition is highly sensitive to N availability
(Ramirez and others 2012; Boddeker and others
2014). Reduced activities in both PO (oxidizing
phenols) and NAG (hydrolysing chitin) following
moth outbreaks (Figure 4) could thus indicate a
decrease in organic matter decomposition resulting
from lower microbial N mining (Craine and others
2007; Baskaran and others 2017). This hypothesis
of reduced decomposition is supported by the direct
positive link between PO and heterotrophic respi-
ration (Figure 5, ®), our measure for mineraliza-
tion of organic C. Lower PO and NAG activities
might also be related to a reduction in ectomycor-
rhizal fungi after birch defoliation (Saravesi and
others 2015; Parker and others 2017). PO and NAG
are enzymes commonly produced by fungi (Miller
and others 1998; Sinsabaugh 2010), and particu-
larly, NAG has been found to be strongly related to
soil fungal biomass (Miller and others 1998). Many
ectomycorrhizal species have low enzymatic
capacity, especially of oxidizing enzymes, as com-
pared to saprophytes (Pellitier and Zak 2018).
However, in the mor-humus of boreal forests, the
oxidative enzymatic potential seems to be strongly
linked to the presence of ectomycorrhiza as re-
ported earlier (Lindahl and Tunlid 2015; Sterken-
burg and others 2018). In support, the most
common (that is, 50% relative abundance) ecto-
mycorrhizal species in Abisko, Cortinarius spp.
(Parker and others 2017), have been shown to
have a high PO activity, which decreases when N
availability increases (Bodeker and others 2014)—
and obviously also when mycorrhizas die off. Both
a down-regulation of microbial N mining and a
decrease in ectomycorrhizas due to tree death may
therefore contribute to a decrease in decomposition
after moth outbreaks. Moreover, decreasing
decomposition rates might also be caused by stoi-
chiometric constraints—soil microbes in subarctic
regions have previously been shown to be co-lim-
ited by C and N (Demoling 2007; Sistla and others
2012). A reduced input of easy degradable sub-
stances from above- and belowground litter and an
accompanied depletion in metabolically valuable
OM could thus decelerate microbial activity. This is
in line with Janssens and others (2010), who
showed that adding N to easily decomposable or-
ganic material resulted in increased decomposition,
whereas decomposition decreased if N was added to
more recalcitrant OM such as humus.
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Our hypothesis of decreased decomposition rates
was also supported by the reduced in situ soil CO,
efflux following moth outbreaks, which dropped
drastically even after intermediate moth distur-
bance (Figure 3A). The direct relation between
heterotrophic respiration and soil CO, efflux sug-
gests that CO, from decomposition is an important
contributor to total respiration from soil (Figure 5,
). However, a strong positive relation between
woody fine roots and soil CO, efflux also suggests a
large decline in autotrophic respiration from birch
and dwarf shrub roots after moth outbreaks.
Moreover, the direct link between NAG activity
and soil CO, efflux (Figure 5, @) might indicate a
direct respiratory contribution from ectomycor-
rhizal fungi (Miller and others 1998; Heinemeyer
and others 2007). Although no relation between
grass/herb root biomass and soil CO, efflux was
evident from the structural equation model, it is,
however, likely that the negative correlation be-
tween grass/herb and woody fine root biomasses
(Figure 5, @) accounted for a contribution by
grasses.

We could not detect a change in soil C stocks
along the investigated moth disturbance gradients
(Table 1). This is in direct contradiction to earlier
findings from global syntheses where a broad range
of natural disturbances were shown to negatively
affect soil C stocks in temperate and boreal forest
ecosystems (Thom and Seidl 2015; Zhang and
others 2015). We propose that reduced decompo-
sition rates together with litter inputs from
upcoming ground vegetation, remaining trees/
shrubs and possibly also from dead tree compart-
ments, kept effects on post-disturbance soil C stocks
low for several years after the outbreak. Moreover,
temperature might be a further reason for our
contradicting results compared to other disturbed
forest systems. Although in temperate forest
ecosystems, a post-disturbance decline in soil C
stocks was attributed to warmer soil conditions and
increased decomposition rates (Christophel and
others 2015; Mayer and others 2017b), we expect
temperature changes after moth outbreaks to be of
minor importance for soil C turnover. Although soil
temperature in our study was 0.8°C higher in the
dead stands than in the control (Table 1), more
thorough measurements over the year have shown
that subarctic birch forest soils are on average
warmer than areas without trees (Karlsson and
Weih 2001; Sjogersten and Wookey 2009). This
suggests that even taking the effect of temperature
into account, decomposition would decrease when
the trees die off. Because changes in plant com-
munity are known to affect soil C stocks (Wardle

and others 2012; Clemmensen and others 2015), a
persistent shift from tree-dominated to grass-dom-
inated ecosystems might have additional, unpre-
dictable consequences on the soil C sequestration
in subarctic regions. Tundra ecotones dominated by
heath, for example, were shown to have larger soil
C stocks than birch forests (Sjogersten and Wookey
2009; Parker and others 2015). In the long term, it
might therefore be possible that soil C sequestration
even increases following moth outbreak-induced
vegetation shifts. Thus, further studies on long-
term effects of moth outbreaks in Fennoscandia are
urgently required.

CONCLUSIONS

This study suggests that decomposition of soil or-
ganic matter can slow down within the first decade
following moth outbreaks in subarctic mountain
birch forests. We propose that a higher soil N
availability and an accompanied decrease in
microbial N limitation as well as a general decrease
in ectomycorrhizal fungi in disturbed birch stands
were key drivers underlying the decline in soil
extracellular enzymes involved in the breakdown
of soil organic matter. Since soil C stocks remained
unchanged (up to 8 years after tree dieback), our
results suggest that the disturbance effect on plant
C fixation and litter input was balanced by a de-
cline in decomposition. A positive feedback on cli-
mate change by moth disturbance, via CO, release
of soil C, might therefore be smaller in subarctic
birch forests than in disturbed forest ecosystems at
lower latitudes (Bonan 2008; Kurz and others
2008).
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