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Wildfire in Swedish boreal forests - Impacts of fire severity and salvage

logging on tree seedling regeneration and the belowground system

Abstract

Wildfires are projected to occur more frequently and become more severe as the climate
warms. The increasing release of carbon to the atmosphere from more severe fires may
contribute to climate warming, and thus initiate a positive feedback loop. Following wildfire,
salvage logging is a common management practice, but the impact on soil and vegetation may
vary depending on fire severity. Hence, it is important to understand how wildfire severity
and salvage logging affect soil abiotic and biotic properties and tree seedling regeneration.
Also, in the future, forest recovery from fire and salvage logging may be affected by climate
warming. In this thesis, | have conducted laboratory and greenhouse experiments to
investigate the abiotic and biotic effects of fire severity and post-fire management on biomass
production of Betula pendula, Picea abies and Pinus sylvestris seedlings regenerated from
seeds and associated soil processes. Further, | have performed a mesocosm field experiment
to investigate the impacts of fire severity, salvage logging and experimental warming on P.
abies and P. sylvestris nursery seedlings in situ, and undertaken field measurements of soil N
transformation rates and C fluxes in stands of varying fire severity and management. This
thesis shows that the effect of fire severity on the soil system is stronger than that of salvage
logging and that the impact of salvage logging on forest regeneration varies depending on fire
severity; these effects can further be directly or indirectly altered by experimental climate
warming. This thesis also shows that the effect of soil abiotic and biotic properties following
fire on tree seedling regeneration are species specific. Altogether, it contributes with new
fundamental knowledge about the interactive effects of multiple drivers of seedling
regeneration and soil processes in the post-fire boreal forest landscape. The conclusions of
this thesis can be applied, in combination with other research, in decision making about
management of boreal forest following wildfire.

Keywords: boreal forest, B. pendula, P. abies, plant-soil feedback, P. sylvestris, seedling
regeneration, salvage logging, soil C fluxes, soil N transformation rates, wildfire
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Skogsbrand i svenska skogar - Effekter av brandhardhet och avverkning

av brandskadade trad pa féryngring och markprocesser

Sammanfattning

Skogsbrander férvantas oka i frekvens och omfattning i framtiden i takt med att klimatet varms upp. Fler
skogsbréander kan leda till ett 6kat koldioxidutslapp och en hégre koldioxidhalt i atmosfaren som i sin tur
forstarker klimatuppvarmningen och som déarmed initierar fler skogsbrander. Efter en skogsbrand ar
avverkning av brandskadade trad en vanlig atgard, men paverkan pa mark och vegetation kan variera
beroende pa brandens svarighetsgrad. Darfor &r det viktigt att forstd hur kombinationen av brandhérdhet
och avverkning paverkar markens abiotiska och biotiska egenskaper liksom féryngring av tradplantor.
Det ar ocksa rimligt att tro att i framtiden kommer skogens aterhamtning efter brand och avverkning ocksa
att paverkas av en okad klimatuppvarmning. | min avhandling har jag genomfort laboratorie- och
vaxthusexperiment for att undersoka hur de abiotiska och biotiska effekterna av brandens svarighetsgrad
och skotselatgard (avverkning), paverkar tillvaxt av Betula pendula, Picea abies och Pinus sylvestris
plantor (foryngrade fran fron) och de associerade markprocesserna. Vidare har jag utfort ett
faltexperiment for att undersoka effekterna av brandhérdhet, avverkning av brandskadade trad och
experimentell uppvarmning pa P. abies och P. sylvestris trad fran plantskoleplantor in situ, samt
genomfort faltmatningar av floden av kvdve och kol i markbestdnd av varierande brandhardhet och
skotselatgard. Min avhandling visar att brandhardhet har ett starkare inflytande pa markens omsattning
av naringsamnen an vad avverkning av brandskadade trad har. Vidare varierar effekten av avverkning av
brandskadade trad pa skogsforyngringen beroende pa brandhardhet; dessa effekter kan ytterligare direkt
eller indirekt forandras av en klimatuppvarmning. Min avhandling visar ocksa att effekten av markens
abiotiska och biotiska egenskaper efter brand pé foryngring av tradplantor ar artspecifik. Sammantaget
bidrar denna avhandling med ny grundldggande kunskap om hur foérandringar i vegetation,
skogsavverkning och klimatuppvarmning efter skogsbrand av olika hardhet interagerar med varandra och
vilken betydelse dessa interaktioner har for fornyelse av plantor och markprocesser i det boreala
skogslandskapet efter brand. Slutsatserna i denna avhandling kan tilldmpas, i kombination med annan

forskning, i beslutsfattande om skotsel av svenska skogar efter skogsbrander.

Nyckelord: avverkning av brandskadade trad, boreal skog, B. pendula, mark C-floden, N-

omvandlingsprocesser, P. abies, P. sylvestris, tradféryngring, vaxt-mark-aterkoppling, skogsbrand
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Dedication

Till mina alskade foraldrar.

A tree with strong roots laughs at storms.
Malay proverb






Contents

List Of PUBIICALIONS.........uueiiiiiiiiiiiiiie e 9
1. INErOdUCTION ..o 11
1.1 Wildfire in boreal fOrest..........ccouiiiiiiiiiiiiiiiic e 11

1.1.1 Climate warming and boreal forest wildfire..................... 11

1.2 Salvage 10ggiNg «.eeeeieeiiiiiiiiiee et 12

1.3  Ecological processes following wildfire and salvage logging under
ClIMALE WaIMING ...vviiiiiieiiiiiiiiee et e e 13

1.3.1 Tree seedling regeneration.........ccccccuvvveeeeeesiiiiiineeneeenn 13

1.3.2  SO0il fUNCHONING ....vvviiiieiiiiiii e 14

1.4 ODJECHUVES ..o 15

2. Materials and methodsS........coooeeiiiieiiiiiiii e, 18
2.1 StUAY SYSEEMS...cociiiiiieiiieee e 18

2.1.1  The Vastmanland burn ..........ccccccovieiiiiininii e 18

2.1.2 The Ljusdal fire cOmpleX......ccccccvveeiiiiiiiiiiiieeiiiiiiieeeeen 19

2.2 Experimental deSign .......ccccooviiieiiiiie e 19

2.3 Greenhouse experimentsS.........cccoocuvreeriieee i 21

2.4 FIEIAWOIK....coiiiiieiiiee e 23

2.4.1 Mes0oCoSM eXPEriMENt.......ccuuriieeeeiiiiiiiiiee e e e seiiieeeee e 23

2.4.2 SOl CHlIUXES..coiiiiiiiiiiee e 24

2.4.3 Buried bag method ...........cccoociiiiiiiiiiies 25

2.5  Laboratory WOrK ..........cooiicuieiiiie i 25

2.5.1 1N isotope pool dilution method...............ccoeevevereiennn. 25

2.5.2 Relative microbial biomass..........ccccoecviiiiiiiiiiiiiiiiceeen 26

2.5.3 Chemical properties of SOilS...........ccccevviiiiiiiiiciiiieees 27

2.6 Statistical analySES ........cccvviiiiieeiiii e 28

3. Results and diSCUSSION ........cooeeiiiiiiiiiiiiie e 31

3.1 Responses of the soil system were stronger from severe wildfire
than by low intensity WIldfire ..........ccccoooiiiiei e 31



3.1.1 Wildfire altered soil N transformation rates..................... 32

3.1.2 High fire severity decreased soil C fluxes.............cc........ 33
3.2 Responses of the soil system were more pronounced to changes
in fire severity than salvage [0gging..........cccvviviieiiiiiiiiiiee e 34
3.3 Responses of tree seedling regeneration to wildfire and salvage
logging were SPecies SPECIFIC .....eeviiiiiieiiiie e 37
3.3.1 Growth of nursery seedlings of conifers was the poorest in
unlogged sites following low intensity wildfire .............ccccveeeeeenn. 37

3.3.2 Sail biota from low fire severity stands enhance growth of
conifer species in the greenhouse, but deciduous species may

have an advantage after severe fire ........ccccvvveeveeeeeeeiieiieiiiiiinnnns 38

3.3.3 Severe wildfire impacts P. sylvestris seedling growth

positively in the field but not in the greenhouse..............cccc.o...... 41

3.4  Post-fire experimental warming enhances seedling growth........ 43

3.4.1 Tree seedlingS ProvVeNANCES ........coovvvvvieeeeeeniiiiiiieeeeeens 44

3.4.2 Presence of ericaceous shrubs ..........c.ccccccoiiieiiiiiennns 44

4, Conclusions and implicationsS.............cccovvvviiiiiei e, 45
REIEIENCES ... e 49
Popularvetenskaplig sammanfattning ................ccoooovviiiiienieeeeneenn, 58

AcCKNOWIEAGEMENLS ....ovviiiii e 61



List of publications

This thesis is based on the work contained in the following papers, referred
to by Roman numerals in the text:

Ibafez, T. S.*, Wardle D. A., Gundale, M. J., Nilsson, M-C.
(2021). Effects of soil abiotic and biotic factors on tree seedling
regeneration following a boreal forest wildfire. Ecosystems, pp 1-
17. DOI: 10.1007/s10021-021-00666-0

Ibafiez, T. S.*, Riitting, T., Nilsson, M-C., Wardle, D. A., Gundale,
M. J. Mid-term effects of wildfire and salvage logging on gross
and net soil nitrogen transformation rates in a Swedish boreal
forest (under review, Forest Ecology and Management)

Ibafiez, T. S.*, Gundale, M. J., Wardle, D. A., Strengbom, J.,
Barthelemy, H., Granath, G., Vishwanathan, K., Nilsson, M-C.
Interactive effects of fire severity, salvage logging and climate
warming on the regeneration of conifer nursery seedlings of
different provenances (manuscript)

. Kelly, J., Ibafiez, T. S., Santin, C., Doerr, S. H., Nilsson, M-C.,

Holst, T., Lindroth, A., Kljun, N. (2021). Boreal forest soil carbon
fluxes one year after a wildfire: effects of fire severity and
management. Global Change Biology, 27 (17), pp 1-15. DOI:
10.1111/gcb.15721

Papers | and 1V are published with open access.

*Corresponding author



The contribution of Theresa Simona Ibafez to the papers included in this
thesis was as follows:

10

Planned and designed the research with co-authors. Performed
fieldwork, experiments and analyzed the data with support from
DAW and MJG. Lead the writing of the manuscript and all authors
contributed to revisions.

Planned and designed the research with co-authors. Performed
fieldwork, experiments and analyzed data with support from TR,
DAW and MJG. Lead the writing of the manuscript and all authors
contributed to revisions.

Planned the research with MCN, MJG, DAW and JS. Performed
fieldwork for seedlings data, harvested the experiment, and
analyzed the data. Lead the writing of the manuscript with MCN,
MJG and DAW contributed to revisions.

. Performed fieldwork for soil C fluxes measurements and part of

microclimate data. Performed data analysis together with JK.
Contributed to revisions of the manuscript.



1. Introduction

1.1 Wildfire in boreal forest

Wildfire is a natural disturbance in the boreal forest, and alters vegetation
dynamics, regeneration, species diversity, soil properties and ecosystem
functioning (Kuuluvainen and Rouvinen, 2000; Certini et al., 2005). Wildfire
initiates secondary succession by eliminating fire-intolerant species, thereby
enhancing space and nutrient availability for fire tolerant and pioneer species
(Schimmel and Granstrém, 1996, DeL uca et al., 2002). Although the boreal
forest is naturally adapted to wildfire, natural fire regimes have been altered
because of climate change (Kasischke and Turetsky, 2006; Soja et al., 2007,
Balshi et al., 2009; Ponomarev et al., 2016) and other anthropogenic actions
such as suppression of natural wildfires (Guyette et al., 2002). Specifically,
Sweden has during the last decade experienced a period of more intense
wildfire than at any other time during the last century (Swedish Civil
Contingencies Agency; https://ida.msb.se). More expansive and intense fires
in boreal forests resulting from climate warming are likely to cause a higher
loss of soil organic matter, more severe crown fires and higher tree mortality.
These large fires are often stand replacing and are becoming much more
frequent throughout the boreal region (Flannigan et al., 2009).

1.1.1 Climate warming and boreal forest wildfire

Fire behavior, i.e., burn probability, fire area, and fire intensity are all
predicted to increase as the climate warms in much of the boreal region (de
Groot et al., 2013), because of longer periods of extreme fire-promoting
conditions, such as drought and warmer temperatures (Gillett et al., 2004).
An increase in fire severity and impact from anthropogenic climate warming
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may initiate a positive feedback loop, whereby enhanced carbon release to
the atmosphere may further enhance global warming (Field et al., 2007;
Mack et al., 2011).

Figure 1. A low fire severity salvage logged site, with an open top chamber (OTC)
positioned to test experimental warming on boreal forest tree seedling growth, studied in
paper I1l. Photo: Theresa S. Ibafiez.

1.2 Salvage logging

Following wildfires, salvage logging is often performed, where dead and live
scorched trees are removed from the area. This is often followed by soil
preparation and replanting of a new production forest. Salvage logging has
been shown to compact the soil (Pereira et al., 2018) and decrease the
capacity of soils to retain water (Ginzburg and Steinberger, 2012). A
removed canopy may also decrease the protection of seedlings against harsh
temperatures, increase evapotranspiration and reduce soil moisture (Parro et
al., 2015; Marcolin et al., 2019), and induce shift in fungal communities
(Pérez-1zquierdo et al., 2021). However, the impact of salvage logging may
vary depending on fire severity. There is therefore a need to understand the
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interactive effects of salvage logging and wildfire, partly because salvage
logging is a common post-fire management activity, and few studies have
addressed this issue.

1.3 Ecological processes following wildfire and salvage
logging under climate warming

1.3.1 Tree seedling regeneration

Fires in boreal forests of Eurasia typically occur as low-intensity ground
surface fires, to which many of the dominant tree species are adapted (de
Groot et al., 2013; Sitnov and Mokhov, 2018). Pioneer tree species such as
Pinus sylvestris and Betula pendula regenerate by seeds that are dropped to
the ground from surviving trees after wildfire, while Picea abies, which does
not survive wildfires to the same extent, often recolonizes slowly by seeds
that are transported from outside burnt areas (Granstrom, 1991; Hellberg et
al., 2003). However, more intense stand replacing fires may change how
boreal forest regenerates from wildfire disturbance (Johnstone et al., 2010;
Alexander et al., 2018). Poor regeneration could be the consequence of the
impact of fire on soil organic matter content (Czimczik et al., 2005) that can
impair the functioning of soil microbial communities (Allison and Treseder
2011) and survivorship of mycorrhizal fungi (Dahlberg, 2002; Dahlberg et
al., 2001).

Crown fires and salvage logging further opens stands up, and increases
solar radiation at the ground level (Rogers et al., 2015), which may
negatively affect regeneration of shade-tolerant species. Retention of live
trees is on the other hand likely to enhance tree seedling regeneration and
growth through greater turnover of soil organic nutrient pools, and this can
be facilitated by their associated ectomycorrhizal fungi (Ibafiez et al., 2021;
Peréz-lzquierdo et al., 2021). In contrast, logging may be beneficial for fast-
growing shade-intolerant species and pioneer species because this reduces
competition for light and nutrients from overstory trees (Beckage et al.,
2008).

It is unclear how a warmer climate would affect tree seedling regeneration
following wildfire and salvage logging, but key plant functional groups such
as ericaceous dwarf shrubs are predicted to increase in quantity (as has been
observed in tundra biomes) (Myers-Smith et al., 2011) which could impact
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seedling growth (Nilsson and Wardle 2005). This is due to several reasons
such as alteration in litter decomposition rates, nutrient fluxes (De Long et
al., 2016), competition of nutrient resources and the production of
allelochemicals against other plants (Nilsson, 1994; Jaderlund et al., 1996).
Hence, it is important to understand how the effects of salvage logging
practices following wildfires of different intensities, and under a climate
warming scenario, impact both natural and planted tree seedling regeneration
(Figure 1).

1.3.2  Soil functioning

Nitrogen (N) is an important but highly limiting nutrient for plant growth in
boreal forests (Hogberg et al., 2017). Wildfire can change N pools, either
directly by volatilization which causes loss of N to the atmosphere (Certini,
2005) and combustion processes that increases the soil inorganic N pool of
ammonium (NH4") (Covington and Sackett, 1992), or indirectly by changing
soil microbial activity (Kdster et al., 2021) that alters soil N transformation
rates (i.e., mineralization, immobilization and nitrification processes). It is
not yet fully understood how interactive effects of fire severity and salvage
logging impact soil N transformation rates, even though this could in turn
influence regenerating seedlings. Low severity fire retains live trees which,
through uptake, can reduce loss of nitrate (NO3’) through leaching (Knicker,
2007). On the other hand, more severe stand-replacing fires combined with
salvage logging may eliminate vegetation and greatly increase the risk on
nutrient loss. Surface soil organic matter (SOM) is often more combusted
after high severity fires or where smoldering occurs over extended periods
(Homann et al., 2011) relative to less intense fires, which can result in
impairment or loss of ectomycorrhizal fungi which are important for nutrient
turnover and plant growth (Day et al., 2019).

Fire-induced changes in soil abiotic and biotic properties further alters
carbon (C) pools in soil, aboveground biomass, and the atmosphere, partly
because of alterations of C fluxes (i.e., fluxes of CO, and CH,). The impact
of high fire severity on soil respiration often results from a decline in
autotrophic (root) respiration associated with high tree mortality (Hu et al.,
2017), and declines in heterotrophic (microbial) respiration from the loss of
microbial biomass (Dooley and Treseder, 2012) and SOM (Keeley, 2009).
As intervals between fires are projected to be shorter in the future (de Groot
et al., 2013), forest stands affected by multiple fire disturbances may
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potentially lose nutrient capital and thus show reduced soil nutrient
availability (Bowd et al., 2019). Therefore, stand age since the most recent
fire disturbance, fire severity and salvage logging are important factors to
observe for determining impacts on forest regeneration and the interactive
effect of these are largely unexplored.

1.4 Objectives

The overall aim of this thesis is to understand how variation in wildfire
severity and post-fire salvage logging practices affect tree seedling
regeneration, and to understand how post-fire soil abiotic and biotic
properties influence regeneration (Figure 2). To address this, | have used
laboratory and greenhouse experiments to investigate effects of these factors
on growth of B. pendula, P. abies and P. sylvestris seedlings grown from
seeds (paper 1) and various soil processes that drive plant nutrient supply
(paper 1) (Table 1). Further I have conducted a mesocosm field experiment
to investigate the effect of fire severity, salvage logging and experimental
warming on planted P. abies and P. sylvestris nursery seedlings in situ
(paper I11) and have undertaken field measurements of soil C fluxes in
stands of varying fire severity and management (paper 1V) (Table 1).

Altogether, this thesis disentangles how wildfire and salvage logging
impact boreal forest tree seedling regeneration and soil properties, and offers
insights about how these are altered by future climate factors such as
intensified wildfires following climate warming and changes in understory
vegetation. This thesis also addresses how wildfire interacts with salvage
logging activities and thus contributes with fundamental knowledge needed
for post-fire forest management.

All studies are conducted in, or used collected material from, the boreal
forests of central Sweden. As such, the work for papers I-11l has been
performed in the Vastmanland burn (following a wildfire in 2014), and
paper 1V has been conducted in the Ljusdal wildfire area burnt in 2018.
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The main aim of each chapter in this thesis is:
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To determine how the abiotic and biotic components of soil impact
B. pendula, P. abies and P. sylvestris seedling growth when soils are
subjected to different levels of burn severity (paper 1).

To investigate how contrasting fire severity, and the interactive
effects of fire and salvage logging, impacts soil N cycling processes
four years after a wildfire (paper II).

To gain insights into how P. abies and P. sylvestris seedlings of
different provenances may respond to fire severity and its
interactions with experimental climate warming, ericaceous shrub
presence and salvage logging (paper I11).

To evaluate the impacts of fire severity, salvage logging and stand
maturity on forest soil greenhouse gas fluxes during the first growing
season after the fire (paper V).



Wildfire Salvage logging

Interactive

v om  Lmw ¥

Tree seedling Soil abiotic/ biotic factors,
regeneration C and N processes

Figure 2. Conceptual framework of the direct, indirect and interactive effects of different
disturbances (wildfire and salvage logging) on tree seedling regeneration (nursery
seedlings planted in field and seedlings regenerated from seeds in a greenhouse) and soil
system studied in this thesis. Roman numerals indicate the number of the corresponding
paper. The arrows show the studied relationships between the factors and the direction
of the arrows indicates factors that have an impact on tree seedlings regeneration or soil
biota/ C and N processes. Text in italics explains the relation between the factors. Photos:

Theresa S. Ibafiez.
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2. Materials and methods

2.1 Study systems

For this thesis | have worked in two study systems in the Boreal forests of
central Sweden (Figure 3).

2.1.1 The Vastmanland burn

Mesocosm field studies and collection of materials for papers I-11l were
conducted in Vastmanland (59°48°N, 16°06’E) where the Vastmanland burn
took place in July-August 2014 (Figure 3). The fire started due to a spark
from a forestry machine and became increasingly intense because there was
a long period of drought prior to the fire. The high amount of dry fuel, in
combination with low air moisture and strong wind, made the fire spread
quickly, and on the fifth day it developed into a severe crown fire with
maximum speed of 80 m/min (Gustafsson et al., 2019). It burned over an
area of 14 000 ha of forest land over just a few days (Lidskog et al., 2019).
Variation in wind speeds during the fire resulted in a landscape of variable
fire intensities (Figure 4). After the fire, a large portion of the burned area
was set aside as a nature reserve. Portions of the burned area outside the
nature reserve were salvage logged within weeks after the fire. Soils in the
burned area are primarily podzols. Prior to the fire, stands were dominated
by Scots pine (Pinus sylvestris) production forests with scattered Norway
spruce (Picea abies) and birch (Betula spp.) trees, and with an understory
vegetation dominated by ericaceous dwarf shrubs (Vaccinium vitis-idaea, V.
myrtillus and Calluna vulgaris) and mosses (mainly Pleurozium schreberi).
The mean annual air temperature in this region during the climate period of
1991-2020 was 6.3°C and total precipitation was 581 mm, recorded at the
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nearest meteorologic station in Sala 58 m.a.s.I (The Swedish Meteorology
and Hydrological Institute [SMHI]).

2.1.2 The Ljusdal fire complex

For paper 1V, field observations and the collection of materials were
performed in a second study system in the municipality of Ljusdal (61°56'N,
15°28'E). The Ljusdal complex, consisted of three wildfires that started due
to lightning strikes in July 2018, and they spread quickly because of dry fuel
and wind (Figure 3). In total an area of 8 995 ha was burnt. Five months after
the fire, parts of the burned area were salvage logged. The stands were
located on glaciofluvial and moraine deposits under sandy soils. Prior to the
fire, the area was managed as a P. sylvestris production forest with cohorts
of varying ages (ranging from zero to 100 years), with scattered Norway
spruce (Picea abies) and birch (Betula spp.). The understory vegetation prior
to the fire consisted of mosses and lichens (Cladonia spp., Pleurozium
schreberi, Cetraria sp. and Dicranum sp.), ericaceous shrubs (Vaccinium
vitis-idaea, V. myrtillus, V. uliginosum, Calluna vulgaris, Empetrum nigrum,
Arctostaphylos uva-ursi) and the grass Avenella flexuosa. The mean annual
air temperature and total precipitation during the climate period of 1991-
2020 was 2.7°C and 648 mm respectively, as recorded by the nearest national
monitoring station in Ytterhogdal 263 m.a.s.l. (SMHI).

2.2 Experimental design

In the Véstmanland burn, seven high and seven low fire severity stands
(papers I-111), as well as seven nearby unburned stands (papers I, 1) were
used (Figure 4a, b, c). The stands that were selected were 40-50 years old
pre-fire. Each burned stand was divided into a paired salvage logged and an
unlogged site and measurements were made for these sites for papers Il-111
(Figure 4d). Further, for paper I11, each site had four plots where two of these
plots had open top chambers (OTCs) positioned as an experimental warming
treatment and the other two had no OTCs and therefore experienced ambient
temperatures (Figure 4e). For one of the two OTC plots, and for one of the
two non-OTC plots, ericaceous shrubs were removed, while the others were
left intact (paper I11). Tree seedlings of P. abies and P. sylvestris of different
provenances were planted in each plot (paper Il1l) and were assessed for
phenological and growth observations for three years. Soil samples were
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collected at the site level for estimations of total inorganic and organic
nutrients. Parts of these soils were also used for a greenhouse experiment
(paper 1, unlogged sites of varying fire severity) and for estimations of soil
N transformation rates (paper Il, unlogged and salvage logged sites of
varying fire severity).

Molide

v

'Véisterhus :
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&
[ ) Lyéksta

i
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“Lilla Tstad/ 7
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Figure 3. Map of Sweden. The circle indicates the location of the study area of the
Vastmanland burn that took place in 2014, and the triangle indicates the location of the
study area of the Ljusdal fires that burned in 2018. Provenances of Picea abies are
depicted in red and those of Pinus sylvestris in blue. Local populations are underlined.
Arrows indicate the movement of different seedling provenances in Paper Ill. Figure
created by Theresa S. Ibafiez.

20



The Ljusdal fire study area consisted of five stands, i.e., one unburned
stand, one low fire severity stand, and three high fire severity stands. The
high fire severity stands consisted of a mature forest (~100 years), a young
forest (~10 years) and a salvage logged mature stand (photos of the stands
are presented in paper 1V). The unburned and low severity stands were both
mature forests. In each stand there were ten fixed measuring points with
circular collars attached to the ground for measurements of soil respiration.
For both the Véastmanland and Ljusdal study systems, high fire severity
stands were characterized by high tree mortality (100%), whereas low fire
severity stands had 70% of alive trees in the Véstmanland burn and nearly
100% alive trees in the Ljusdal fire.

Figure 4. Photos from the VVastmanland burn area, showing a high fire severity stand (a),
low fire severity stand (b), unburned control stand (c), salvage logged site after crown
fire with scattered regeneration of Betula spp. (d), and salvage logged site with open top
chambers and colonization by Chamaenerion angustifolium (e). In the background of (d),
an unlogged site of high fire severity is visible. Photos: Theresa S. Ibafiez.

2.3 Greenhouse experiments

Two greenhouse experiments were conducted to separate the effect of soil
abiotic and biotic properties following wildfire on tree seedlings regenerated
from seeds (paper I). Soil cores of ten cm depth from high, low and unburned

21



stands were collected in September and October 2019 from high fire severity
and low fire severity stands, as well as unburned stands, in the Vastmanland
burn. The soil was collected to the same depth (i.e., 10 cm) regardless of
stand type, and the soil from different stand types therefore had different
proportions of the organic soil layer versus underlying mineral soil (i.e.,
unburned stands consisted of only organic layer and the burned stands
consisted of a mix of organic layer and mineral soil).

Figure 5. Picea abies, P. sylvestris and B. pendula seedlings studied in the greenhouse
experiment (paper 1) at the Wallenberg greenhouse at Umed Plant Science Center.
Betula pendula is at the front. Photo: Theresa S. Ibafiez.

Seeds of a genetic provenance that corresponded to our field area were
obtained from the tree nursery Svenska Skogsplantor. The seeds were sown
and germinated and seven days old seedlings of P. abies, P. sylvestris and B.
pendula were planted in pots consisting of live soil of different fire severities
for the first experiment. For the second experiment, the seedlings were
planted in sterilized (gamma irradiated) soil that was reinoculated with live
soil biota from the different fire severity stands (Figure 5). The second
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experiment therefore allowed separation of the effects of abiotic and biotic
components of soil on trees seedlings regeneration. The seedlings were
grown in the greenhouse for 4.5 months and thereafter harvested, oven-
dried, and weighted to obtain aboveground, belowground, and total seedling
biomass.

2.4 Fieldwork

2.4.1 Mesocosm experiment

A field mesocosm experiment was performed in the Vastmanland burn area,
where open top chambers (OTC) were positioned in stands of varying fire
severity to test the effects of experimental warming on nursery tree seedlings
of P. sylvestris and P. abies (Paper Ill). For each salvage logged and
unlogged site at each stand, four plots were set up, two with OTCs installed
and two without. Of these four plots, ericaceous shrubs were removed from
two of them (one each with and without an OTC) on June 1-7, 2016, by
gently pulling out their rhizomes to minimize disturbance in the soil and
vegetation layer in two plots, and two were left intact (one with OTC and
one without). The aboveground ericaceous shrubs were thereafter removed
every month during the growing seasons between year 2017-2019.

Figure 6. The three provenances of P. abies (a) and P. sylvestris (b) studied in paper IlI.
Photos: Theresa S. Ibafiez.

For each species, three seedling provenances were selected to represent
one local provenance and two non-local provenances (Figure 6) while at the
same time reflecting seedling transfer practices (i.e., those that are done to
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maximize biomass production) used in Swedish forestry. The total seedling
height, shoot height, mortality, seedling damage (i.e., through dry bud, fungi,
grazing) and bud set for spring and autumn were observed every month
during the three growing seasons between year 2017-2019, and assessed as
a response to the experimental treatment combinations. The seedlings were
harvested in November 2019, oven- dried, and weighted to obtain
aboveground biomass.

Figure 7. Soil respiration measurements with an Ultraportable greenhouse gas analyzer
(UGGA) in a high fire severity stand in the Ljusdal fire area (paper IV). Photo: Natascha
Kljun.

2.4.2 Soil C fluxes

During June to September 2019, one year after the Ljusdal fire, monthly
measurements of soil C fluxes (i.e., uptake of CH4 and release of CO; from
the soil) at 10 positions in each of five different stands were performed with
an Ultraportable greenhouse gas analyzer (UGGA) (Paper 1V). At each of
the ten positions per stand, a cylinder formed collar in metal was fixed into
the soil. When measuring the soil C fluxes, a cylinder chamber was attached
to each soil collar, which activated a closed system, and the concentration of
CH, was decreased and CO, was increased from the ambient gas
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concentrations (Figure 7). Each measurement of soil C fluxes per collar was
5 minutes long and the linear increase of gas concentration in the chamber
was further calculated. Simultaneous to each flux measurement, soil
temperature and soil moisture at varying soil depths were measured.

2.4.3 Buried bag method

Net N transformation rates for the sites in Véastmanland were obtained by
collecting mineral soil cores from the different salvage logged and unlogged
sites of varying fire severity (paper Il). Five cores were placed in a
polyethene bag, and then placed back in the hole they were removed from,
in line with the “buried bag” net N mineralization assay (Gundale et al.,
2016), and left to incubate in the field for the growing season (Figure 8). In
August 3-17, 2018, the buried bag cores were collected, 73 days after each
bag was placed in the soil. Net N mineralization rates were obtained by
calculating the inorganic N (NH4* + NOs") concentrations at 73 days minus
that in the soil at zero days, divided by the incubation period of 73 days (Hart
etal., 1994).

Figure 8. Buried bag method for analyzing net N mineralization rates in mineral soil.
The soil core (minus the soil organic layer) is placed in a sealed polyethene bag (a) and
buried in the same hole from which the core was collected (b). The upper soil organic
layer is then closing the hole and marked with a stick (c). Photos: Theresa S. Ibafiez.

2.5 Laboratory work
2.5.1 N isotope pool dilution method

To measure gross soil N transformation rates (Figure 9), mineral soil from
the different salvage logged and unlogged sites of varying fire severity were
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collected in the Vastmanland fire area in August 2018 and brought to
University of Gothenburg (paper I1). Total NH4* and total NOs™ (N + °N)
and ®NH,* and *®NOs pools were measured at time zero and 24 hours after
1 'NH, or ®*NOjs injection. Gross N mineralization rates were calculated
based on the rate of dilution of **N in the NH4* pool, as unlabeled NH4* is
generated via mineralization from the organic N pool. The same calculation
was performed for gross N nitrification, but here the N labelled NOs™ pool
is diluted through new nitrification of unlabeled NH.* (Hart et al., 1994). The
soil samples were extracted and filtered with 1 M KCI (Figure 10a), and
analyzed with a SPINMAS, which is an instrument that prepares samples for
inorganic nitrogen analysis and is connected to a quadrupole mass
spectrometer (Figure 10b) (Stange et al., 2007).

[ Gross N mineralization

i s e s e i o s

Figure 9. Schematic figure of soil nitrogen (N) cycling modified after Hart et al. (1994).
The text in bold and the large dashed rectangles identify the transformations measured in
paper Il. Ellipses indicate the pools of different forms of N. Arrows indicate the direction
of the process transforming N between the different pools of N.

INitrogen mineralization (microbial organic N to inorganic NH,") is the reverse process
of immobilization.

2.5.2 Relative microbial biomass

The substrate induced respiration (SIR) method was applied to determine the
relative microbial biomass in both the mineral soil and the soil organic layer,
for soils collected in the salvage logged and unlogged sites of varying fire
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severity at the Vastmanland burn area (paper I1). After the percentage of soil
moisture was calculated and equalized among samples by either drying or
rewetting the soil samples, a glucose solution was added and the soil was
placed in sealed containers. The rate of CO, released from the soil was
measured in the headspace of the containers using an infrared gas analyzer
(EMG-4 Environmental Gas Monitor for CO;). The increase in CO;
concentration between one to three hours was used as a relative measure of
active microbial biomass (Anderson and Domsch, 1978).

Figure 10. KCI extraction and filtration of mineral soil samples that have been
isotopically labeled with *N (a). Adjustments of the SPINMAS instrument used for
analyzing gross N transformation rates (b). Photos: Theresa S. Ibafiez (a), Gabriel Ibafiez

(b).

2.5.3 Chemical properties of soils

Data for pH, inorganic nitrogen, Kjeldahl P and total C and N were obtained
for all soils used in my thesis (papers I-1V). To determine pH, a solution- to
soil ratio suspension of 0.01 M CaCl, was mixed with mineral soil (1:1) or
organic soil (1:10) and left for one hour before pH was read (Thomas, 1996)
(papers 1, 11). The pH and electrical conductivity (EC) for paper IV was
measured with a sample to water ratio of 1:20; using a micropH 2000 meter
and a GLP 31 meter, respectively (CRISON Instruments, S. A)).
Concentrations of soil inorganic nitrogen (NH," and NOz") were determined
by extracting soil samples (papers I, 111) and resin capsules (paper I1) with 1
M KCI and further analyzing the extractions using standard colorimetric
techniques with an autoanalyzer Il Spectrophotometer (Omni Process,
Solna, SE) (Gundale et al., 2016). Total concentrations of soil phosphorus
(P) were determined by Kjeldahl acid digestion (G-189- 97 Rev. 3, multitest
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MT7) using an Auto Analyzer 3 Spectrophotometer (Omniprocess, Solna,
Sweden). Total soil carbon (C) and nitrogen (N) concentrations were
determined by drying (70 C, 18 h) and grinding samples followed by dry
combustion using an EA-IRMS Elemental Analyzer (Flash EA 2000,
Thermo Fisher Scientific, Bremen, Germany).

2.6 Statistical analyses

The forest stands in the Vastmanland burn area were classified into fire
severity classes by using Principal Component Analysis (PCA) followed by
K-mean clustering. For paper I, statistical analysis was performed by using
split plot ANOVA with burn severity class (high, low and unburned) as a
fixed factor and plant species (P. abies, P. sylvestris and B. pendula) as a
sub-plot factor. For the second experiment we used a block design followed
by split plot ANOVA with burn severity class and burn severity inoculum
class as fixed factors and plant species as a sub-plot factor.

For paper Il, response variables across three stand types of fire severity
were compared by using One-Way ANOVA. A two-way split plot ANOVA
(mixed effects model) was applied to evaluate how response variables
responded to main and interactive effects of fire severity and post-fire
management (salvage logged versus unlogged). Fire severity and post-fire
treatment served as fixed factors, with post-fire treatment nested within fire
severity, and stand 1D serving as a random factor.

For paper 111, a mixed model with a hierarchical design was used, where
seedling total aboveground biomass served as the dependent variable and fire
severity (high and low), salvage logging, warming (elevated, ambient), shrub
removal and provenances were fixed factors. Each high and low fire severity
stands had seven replicates each, and each of these stands had an ID that was
paired with the level of fire severity (i.e., 3High or 5Low), which was in the
model named “stand ID” and was included as a random factor. Further, to
build the hierarchal levels of the experimental design in the model, we
utilized random factors where salvage logging was nested within fire severity
and warming and presence of shrub were randomized within each
combination of fire severity and salvage logging. The model was tested in a
mixed model ANOVA with the Imer4 R package.

For paper 1V, soil CO, and CH4 fluxes were analyzed by fitting six linear
mixed-effects models consisting of one stand treatment factor (i.e., fire
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severity, salvage logging or stand maturity), per gas flux (i.e., COz or CH,),
using the R package Ime4. Each model had one treatment (fire severity,
salvage logging or stand maturity) as a fixed factor, and soil temperature as
continuous variable. The individual positions of measurement (i.e., the 10
collars per stand attached to the ground) were nested within each stand.
When a statistically significant effect was found at a = 0.05, Bonferroni
(paper I) and Tukey’s post hoc test (papers II, III, IV) were used to explore
pairwise differences between treatment means. SPSS version 24 (IBM Corp.,
Armonk, NY, USA) was used for the classification of the forest stands and
for paper I, and R (R version 3.6.2; R Core Development Team, 2019) was
used for papers Il, 1l and V.
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3. Results and discussion

In this thesis, | investigated how soil N transformation rates, soil C fluxes,
plant-soil interactions and tree seedling regeneration were influenced by
wildfire severity, post-fire salvage logging, climate warming, and changes in
understory vegetation. The main findings of the four papers are presented
and discussed in this section, in which | link the results and new knowledge
obtained from the individual papers with each other and with the overall aims
of this thesis. In particular, emphasis is given on to understanding how
salvage logging practices following wildfire of different severities affect tree
seedling regeneration, and the circulation of soil nutrients between tree
seedlings, microbial biomass and soil organic matter in the context of global
warming and changes in understory vegetation.

3.1 Responses of the soil system were stronger from
severe wildfire than by low intensity wildfire

Wildfires are known to immediately alter soil nutrients (NH4* directly) by
combustion processes (Covington and Sackett, 1992) followed by a short-
term increase in NOs™ production due to surviving or recovering nitrifying
soil biota (Gundale et al., 2005). These effects make N more available for
plant uptake. However, little is known about the mid-term effects (i.e., over
four years) of wildfire severity on soil processes, which | studied in paper I1.
Further, as a consequence of microbial decomposer activity, CO- is emitted.
This activity is affected by fire severity because mortality of trees can impair
mycorrhizal communities (Peréz-l1zquierdo et al., 2021), and severe fires can
kill saprotrophic bacteria and fungi during combustion of the organic layer.
Younger forests have a lower accumulation of the soil organic matter layer
and younger trees are also more fire prone, and | therefore show in paper 1V
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the importance of stand age when determining the effect of wildfire on soil
C fluxes.

3.1.1 Wildfire altered soil N transformation rates

Four years after the VVastmanland fire, severe burning increased the rate of
gross soil N mineralization and ammonium consuming processes, i.e.,
immobilization and autotrophic nitrification (Figure 11a, b). Severe burning
also decreased gross N nitrification rates (i.e., the sum of autotrophic and
heterotrophic nitrification) relative to unburned soils (Figure 11c). Because
gross N nitrification rates were an order of magnitude smaller than gross N
consumption rates, immobilization is likely to have been the dominant
pathway of gross N consumption (paper Il). No alteration in net N
transformation rates were observed.

Microbial immobilization can be stimulated by an increase in soil pH
(Rousk et al., 2009), which could potentially explain the higher rates of N
immobilization rates in soils of high fire severity (paper Il). Laboratory
measurements of SIR (substrate induced respiration; a measure of active soil
microbial biomass) in mineral soil showed that the active microbial biomass
was lower in burned soils than in unburned soils (paper Il). This finding
suggests nutrient immobilization therefore could be a function of microbial
biomass change rather than absolute biomass, with immobilization being
greatest when the microbial biomass is increasing over time. This would
imply that soil microbial biomass was recovering after fire and thereby
immobilizing N, while microbial biomass in unburned soils may have been
more static or consisted of microbes with a slower turnover rate.

Overall, these results suggest that while fire causes a net loss of N from
the site through organic matter combustion, it also leads to more N (per unit
soil organic matter) being circulated between the non-living soil organic
matter and the microbial biomass. This may serve to support higher plant
growth in the long run, which could in turn lead to higher rates of new plant-
derived organic matter input that would help soil organic matter stocks
recover.
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Figure 11. Mean (+ SE) of gross mineralization of NH4* (a), gross consumption of NH,*
(a) gross nitrification of NO3™ (c) per unit soil C, and SIR (substrate induced respiration)
in mineral soil (d) in soil from stands differing in fire severity (i.e., high, low or
unburned). The boxes show the interquartile range, the middle line is the median and the
plus sign is the mean. The lines extending above/below each box indicate the
maximum/minimum data values. Different letters above or below each boxplot denote
significant differences in the fluxes between the sites according to Tukey's post hoc post
hoc tests at P < 0.05. The corresponding ANOVA results are reported in paper 1l. Sub-
figure (a) showed significant ANOVA result at P = 0.043, but pairwise differences was
not detected with Tukey’s post hoc test.

3.1.2 High fire severity decreased soil C fluxes

Partly contrasting results of the response of microbial CO; respiration to fire
were obtained from measurements in the laboratory using soil from the
Vastmanland fire area (paper 1) versus field measurements in the Ljusdal
fire area (paper 1V). The laboratory measurements for the VVastmanland burn
showed microbial CO; respiration to be reduced in soil from both low and
high fire stands compared to mineral soil from unburned stands four years
post-fire (Figure 11d). In Ljusdal, one year after wildfire, high fire severity
stands showed lower soil CO, respiration (both autotrophic root, and
heterotrophic microbial respiration), compared to unburned and low fire
severity stands (Figure 12) (paper 1V). Here, both low fire severity and
unburned stands had the same CO; fluxes despite a substantially thinner soil
organic layer in the low fire severity stands compared to unburned due to
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consumption by fire. The different obtained results from the two study
systems may be because the measurements were performed after different
times following fire, as well as because different methods were used. If soil
autotrophic respiration also would have been measured in the Vastmanland
burn, then the total soil CO; respiration potentially could have been higher
in low fire severity soils, just as in the Ljusdal fire area where total CO;
respiration was measured. Autotrophic respiration may therefore be
important in determining post-fire soil CO; fluxes. In addition, the pulse of
nutrients observed after the low intensity fire compared to after the severe
intensity fire could benefit microbial activity, and hence enhance
heterotrophic respiration in the low fire severity stand. From the Ljusdal
study (paper V), it was evident that stand age at the time of the wildfire also
impacted the effect of fire on soil CO, respiration. Young stands have less
time to build up the organic layer and retain nutrients after disturbance
(Walker et al., 2019). Young trees may also experience higher mortality
(paper 1V), which reduces autotrophic respiration, and heterotrophic
respiration is also likely to be reduced given that the organic layer is almost
completely consumed by the fire.

Overall, many of the C and N cycling responses measured in paper Il and
paper IV were more pronounced in the high fire severity treatments.
However, this may only apply to mature forests, rather than to young forests,
where multiple disturbances in young forests can in the short-term lead to
reduced carbon storage capacity (Walker et al., 2019). The potential future
outcome for the severely burned and mature forests that | observed (in both
the Vastmanland and the Ljusdal fire areas) could be in line with a recent
study from Alaska, which suggests that the more severe fires resulting from
climate change lead to higher rates of soil C stock recovery in the longer
term, despite initially resulting in higher soil C loss (Mack et al., 2021) from
loss of vegetation and lower nutrient turnover rates.

3.2 Responses of the soil system were more pronounced
to changes in fire severity than salvage logging

Salvage logging is a common practice following wildfire in boreal forests
(Leverkus et al., 2018), and little is known about how it affects soil processes
in boreal production forests in Sweden of varying fire severities. In paper Il,
| investigated the interactive effects of fire severity and salvage logging on
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soil N transformation rates, and in paper IV, | observed the impact of salvage
logging after a severe fire on soil C fluxes. This focus is important because
N is often considered the most limiting soil resource for forest growth in
boreal forests (HOogberg et al., 2017), and results in a strong interaction
between N and C cycles in these systems. Hence, changes in C and N cycling
following wildfire and salvage logging are likely to be fundamental for
driving plant growth and vegetation development following fire in boreal
forests.

Salvage logging showed no effect on soil C fluxes (CHsor CO) one year
post fire. In comparison, previous studies show contrasting results, i.e., eddy
covariance measurements by Gustafsson et al. (2019) found higher
emissions of ecosystem CO; in salvage logged stands, while Marafion-
Jiménez et al. (2011) found lower soil CO; in salvage logged stands. In the
study of paper IV (the Ljusdal fire area), salvage logging was only performed
after high fire severity and the interactive effect of salvage logging and fire
severity was therefore not tested in that paper. In Sweden, salvage logging is
commonly used in post-fire management practice after low intensity fires. It
would therefore have been interesting to also investigate the effect of salvage
logging on soil CO; fluxes in low severity fires, where many trees survived
the fire. I would have expected an alteration in soil respiration (compared to
salvage logging after severe fire) because of the removal of living trees. The
CO;, fluxes of autotrophic root respiration and photosynthetic C uptake
would have been impaired because of tree mortality, potentially turning the
stand into a net CO- source.

In paper Il, | found that salvage logging had no effect on soil N
transformation rates four years post-fire at the VV&stmanland burn area. It was
somewhat surprising that there was no alteration of gross N nitrification rates
in the logged sites despite lower concentrations of NO3z™ adsorbed to resin
capsules in mineral soil. One explanation could be that there was an uptake
of NOsz by pioneer plant species in the logged sites (I observed high
regeneration of Betula spp., four years post-fire), leading to no overall
differences in gross N nitrification rates between logged and unlogged sites.
Thus, increases in soil NOs" that have been shown to occur in response to fire
and logging disturbance (Burns and Murdoch, 2005) may have declined four
years post-disturbance because of the fast growth rate of regenerating species
(Cui and Song, 2007).
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Previous research in the Vastmanland burn area by Peréz-1zquierdo et al.
(2021) showed that the removal of live trees by salvage logging reduced
ectomycorrhizal fungi, and it is therefore surprising that there was no
corresponding alteration in soil N transformation rates in response to salvage
logging found in paper I1. One explanation could be that these processes may
be mainly driven by bacteria and saprotrophic fungi, which could be better
at carrying out soil C and N transformations than is the mycorrhizal fungal
community (Maaroufi et al., 2019). Another explanation could be that any
decline in ectomycorrhizal fungi could have been offset by an increase in
bacteria and saprophytic fungi (as a consequence of the Gadgil effect; Gadgil
and Gadgil, 1975), and this may have stabilized N and C cycling processes
in response to logging.
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Figure 12. Soil CO, fluxes grouped according to responses to fire severity (a), salvage
logging (b) and stand maturity (c). The boxes show the interquartile range, the middle
line is the median and the plus sign is the mean. The lines extending above/below each
box indicate the maximum/minimum data values. Different letters above or below each
boxplot denote significant differences in the fluxes between the sites according to
Tukey's post hoc post hoc tests at P < 0.05. The corresponding ANOVA results are
reported in paper Ill.

Overall, these findings suggest that the soil processes studied in paper 1V
(the Ljusdal fire area, one year post-fire) were more resistant to salvage
logging after severe fires, and for the soil processes studied in paper Il (the
Véstmanland burn area, four years post-fire), this robustness was observed,
but regardless of the level of fire severity. Alternatively, the results are an
indication that any changes to soil processes that may have occurred in the
short-term following salvage logging reverted back to the original state
relatively quickly. Despite these findings, numerous other studies have
shown that salvage logging can affect other ecosystem properties or
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processes. For example, a study conducted in a P. sylvestris forest in Italy
(Marcolin et al., 2019) showed that salvage logging enhances solar radiation
at the ground, which increases soil temperature and decreases soil moisture,
which could potentially impair forest regeneration. Marafién-Jiménez and
Castro (2013) showed for a Mediterranean pine forest that salvage logging
reduced SOM and nutrient availability. Further, salvage logging of dead trees
may result in reduced C storage over time (Powers et al., 2013).

3.3 Responses of tree seedling regeneration to wildfire
and salvage logging were species specific

Lower intensity wildfires that occur as ground fires are more common than
are stand replacing crown fires in Eurasian boreal forest (de Groot et al.,
2013; Sitnov and Mokhov, 2018), whereas stand replacing fires are more
common in North America (Rogers et al., 2015). However, with the
changing climate and the predicted risk of more severe stand replacing fires
throughout the circumboreal boreal forest zone in the future, there is a need
to better understand the interactive effect of fire severity and salvage logging
on forest regeneration. To fill this knowledge gap for Swedish boreal forests,
in paper I, | investigated how nursery conifer seedlings of different
provenances are affected by fire severity, salvage logging, experimental
warming and changes in understory vegetation. In addition to this, in paper
I, I set up a greenhouse experiment to separate the effects of abiotic and biotic
soil properties on conifer and deciduous tree seedlings (regenerated from
seeds) in soils that had been exposed to different fire severities (Figure 13).
As climate warming is being accompanied by novel fire regimes in the boreal
zone, there is a growing need to further understand the role played by both
soil abiotic factors and the soil microbial community in promoting early
seedling establishment under different fire scenarios.

3.3.1 Growth of nursery seedlings of conifers was the poorest in
unlogged sites following low intensity wildfire

While | observed a small effect of salvage logging on the soil system in paper

IV, | found an interactive effect of salvage logging and fire severity on the

growth of nursery seedlings of P. abies and P. sylvestris, where both conifers

grew worst in unlogged sites of low fire severity. The weaker response of

seedling growth to non-logging in low fire severity stands could be because
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competition from the over- and understory vegetation may have also been
stronger in these stands, such as from re-sprouting Vaccinium vitis-idaea
(Table S2 in Paper I1). Apart from that both species grew least in low fire
severity unlogged sites, the two conifer species responded a bit different
compared to each other. First, P. sylvestris seedlings grew best in salvage
logged sites regardless of fire severity, and in high fire severity unlogged
sites (Figure 14e). This effect occurred despite minor changes in total soil
nutrients, and no changes in soil nutrients turnover between salvage logged
and unlogged sites (paper 11). With both crown fires and salvage logging
opening up sites by eliminating canopy cover and tree stems, this suggests
that enhanced light availability (and potentially also reduced resource
competition from overstory trees) are important for promoting P. sylvestris
tree seedling growth. Second, P. abies grew better in low fire severity
salvage logged sites compared to low fire severity unlogged sites (Figure
14a). One explanation could be that salvage logged sites of low fire severity
had high naturally regeneration of B. pendula as well as naturally
regenerating P. sylvestris and Populus tremula (Table S2 in paper I1), and
the shade tolerant, late successional P. abies is known to grow well under a
B. pendula canopy (Valkonen and Valsta, 2001). Overall, the study of paper
I11 strengthens the idea of that the two conifer species are differently driven
by abundance of light.

3.3.2 Soil biota from low fire severity stands enhance growth of conifer
species in the greenhouse, but deciduous species may have an
advantage after severe fire

The greenhouse study (paper I) showed that soil biota from low fire severity

stands increased conifer (P. abies and P. sylvestris) seedling growth, while a

deciduous tree species (B. pendula) was unresponsive to effects of soil biota

(Figure 13b). This was shown in two greenhouse pot experiments with soils

from high and low burn severity stands and from unburned stands, and the

second of these experiments allowed separation of the effects on seedlings
of soil abiotic and biotic properties in these stands through sterilization of
soil followed by reinoculation of live biota. However, all three seedling
species showed increased growth when grown in soils from unburned
compared to burned stands for the first experiment, and in the second
experiment all species responded positively to abiotic soil factors for the
unburned stands. This occurred because unburned soil had higher amount of
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organic matter that could be mineralized and transferred to seedlings while
the burned soil consisted of mostly mineral soil with fewer nutrients. Also,
for the second experiment, sterilization of the soil released nutrients from the
organic soil, which the unburned soil had the most of. | therefore suggest that
the differences in availability of nutrients (i.e., abiotic soil properties) rather
than in soil biota among soil types were the primary driver of growth
differences for seedlings following wildfire in the greenhouse experiment.

When soils were re-inoculated with live soil, a positive response of biota
from low fire severity soils was found for conifers, and particularly for P.
abies (paper 1), that grew larger from this treatment. This result may be
explained by a higher survival of the overstory trees after a low severity fire,
as well as survival of ectomycorrhizal fungi, which could have maintained
the symbiotic relationship between the trees and the ectomycorrhizal
community (Dahlberg, 2002; Pérez-lzquierdo et al., 2021). The soil from
low fire severity stands that was brought into the greenhouse could then
further initiate new symbiotic relations of ectomycorrhizal networks with
regenerating seedlings, after a low compared to a high severity fire. Fire may
also induce a functional shift in microbial community composition
(Clemmensen et al., 2015) towards taxa that are more beneficial for seedling
growth. Further, it is known that the community composition of
ectomycorrhizal fungi associated with P. abies and P. sylvestris can overlap
(Menkis et al., 2005), which could explain why seedlings of both conifers,
but not B. pendula, responded positively to soil biota from low fire severity
soils. Interestingly, the responses of the late successional and shade tolerant
P. abies to soil biota were the most pronounced. In a field experiment,
Stuiver et al. (2015) found strong support for P. abies responding more
positively to soils from old forests than those from clear felled sites, which
also supports the suggestion that ectomycorrhizal fungi have an important
role for growth of P. abies.

Fast-colonizing deciduous tree species such as B. pendula (Hellberg et
al., 2003; Gustafsson et al., 2019), that are effective at exploiting initial
elevated levels of inorganic N resulting from fire disturbance (Gundale et al.,
2005), are expected to become more abundant in the forested landscape if
climate warming increases and higher burn severity conditions prevail
(Mekonnen et al., 2019; Mack et al., 2021). The greenhouse experiments in
paper | indicate that stand replacing (crown) wildfires may result in higher
regeneration of B. pendula, even if the soil biota has been lost during fire.
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High abundance of natural regeneration of B. pendula has previously been
observed in burned (salvage logged) stands in the Vastmanland burn area
(Gustafsson et al., 2021). Further, from the results of the greenhouse
experiment, | suggest that stand replacing fires may result in poorer
regeneration of conifers, unless the soil biota is maintained or has recovered
from the disturbance. Hence, regeneration of conifers may be promoted
when grown in soil with biota from low fire severity stands. These results
suggest that plant-soil interactions are modified by wildfire severity, and that
these responses are plant-species specific.

Species Species

(€] P, abies P, sylvestris B. pendula (b) P, abies P, sylvestris B. pendula

3.0+ 2.0+
A B Cc A B C
2,0 i 7
é .
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Fire severity class Fire severity inoculum class

Figure 13. The Separated effects of soil abiotic (a) and biotic (b) components of soil of
different fire severity. Mean + SE of total biomass for tree seedlings of Picea abies, Pinus
sylvestris and Betula pendula regenerated from seeds in a greenhouse experiment.
Seedlings were grown on sterilized (gamma irradiated) soil, originating from stands
differing in fire severity (that is, high, low and unburned), and with the sterilized soil
then reinoculated with live soil from stands differing in fire severity (high, low and
unburned) or with sterile soil. Different capital letters above bar groups indicate
significant differences between plant species across fire severity inoculum class
treatments, and small letters within bar groups indicate significant differences for fire
severity classes (a) or fire severity inoculum class treatments (b) according to Bonferroni
post hoc tests at P < 0.05. Corresponding ANOVA results (F- and P-values) are reported
in paper .
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3.3.3 Severe wildfire impacts P. sylvestris seedling growth positively in
the field but not in the greenhouse

In the field, | found a higher aboveground biomass of P. sylvestris nursery
seedlings grown in high fire severity stands compared to when grown in low
severity stands (paper I11). In contrast to this, in the greenhouse experiment
(paper 1), I found no difference in growth of conifer seedlings between those
planted in soils from stands of high versus low fire severity (Figure 13a).
Instead, these seedlings grew the best in unburned soil. When soil abiotic and
biotic factors were separated in the greenhouse experiment, the conifer
seedlings grew best when subjected to biota from low fire severity soils
(Figure 13b). However, these positive effects were not evident in the field
experiment (paper II).

One explanation to help reconcile these disparate results between the field
and greenhouse studies may be the constant light in the greenhouse
experiment. In addition, the seedlings in the greenhouse were regenerated
from seeds, and not nursed in pots with soil containing fertilizers and
mycorrhizal fungi, as are nursery seedling produced for forest replanting,
such as we used in the field study. The seedlings in the field might therefore
have been less dependent on allocating resources to increase uptake of soil
nutrients and were instead allocating resources to grow aboveground. This
increase in growth for P. sylvestris was more pronounced in salvage logged
sites of high fire severity since these sites were more exposed to light
abundance. Seedlings grown without nutrient amendments in the greenhouse
did potentially establish symbiotic relations with mycorrhizal fungi in the
pots to enable nutrient uptake to a greater extent and much earlier than were
the nursery seedlings that would have been established with nutrient
additions. This pattern suggests that light conditions are relatively more
important than are nutrient conditions for regulating seedling growth of P.
sylvestris seedlings during the first few years after planting.

However, more information on naturally regenerated seedlings in field
would help to establish a greater degree of accuracy on this matter. It remains
to elucidate if the longer-term role of alive overstory trees with maintained
soil biota after low severity fires has an impact on forest recovery, and
whether or not this might be more important for naturally regenerated
seedlings, and particularly that of P. abies.
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Figure 14. Mean + SE of total aboveground biomass of P. abies (a-d) and P. sylvestris
(e-h) nursery seedlings in field of the Vastmanland burn, in response to fire severity and
salvage logging (a, €), warming treatment (b, f), shrub removal and fire severity (c, g),
of each provenance (d, h). Capital letters indicate statistical significance among pairs of
bars and lower-case letters indicate significance among individual bars, according to
Tukey’s post hoc test at P <0.05. Corresponding ANOVA results are reported in in paper
V.

3.4 Post-fire experimental warming enhances seedling
growth

During the last decade Sweden has experienced a period of more intense
wildfire than at any time during the last century (Swedish Civil
Contingencies Agency; https://ida.msb.se) because of higher summer
temperatures and longer periods of drought (Aakala et al., 2017, Granstrém
2018). Further, it is predicted that the warmer and longer growing season of
northern forests resulting from climate warming will improve tree growth
rates and ecosystem productivity (Bergh et al., 2003; Kelloméki et al., 2018;
Devi et al., 2020), in part through elevated spring temperatures stimulating
earlier bud burst and promoting photosynthesis and C assimilation capacity
(Bergh et al., 2003). Sustained periods of droughts, greater fire severity and
salvage logging may all impact the integrity of soils and capacity to maintain
moisture (Marcolin et al., 2019) and understory vegetation abundance and
composition. However, little is known about their interactive effects. I
therefore wanted to test how post-fire experimental warming in salvage
logged and unlogged sites affected the growth of planted P. abies and P.
sylvestris nursery seedlings of different provenances, when fire severity
varied, and in the presence or absence of understory shrubs.

Experimental warming increased aboveground seedling biomass for both
conifer species independently of the other factors (i.e., fire severity, salvage
logging, shrub removal) (paper I1). This could be due to warming enhancing
rates of nutrient cycling and supply in the soil (Hartley et al., 1999), or for
P. sylvestris, promoting plant photosynthesis rates (Kurepin et al., 2018). It
is somewhat surprising that warming increased the biomass and height of P.
abies seedlings, because it is recognized from some greenhouse experiments
that the genus Picea is vulnerable to warming because it has low plasticity
in its photosynthetic and respiratory metabolism (Kurepin et al., 2018;
Dusenge et al., 2020). These seedlings may have grown taller in the warming
treatment to access light, because other plants (such as grasses and naturally
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established fast-growing deciduous trees) also grew taller in the warmed
plots and therefore caused more severe competition for light. Overall, this
study (paper 1V) showed that warming increased seedlings aboveground
biomass for both conifer species.

3.4.1 Tree seedlings provenances

Tree provenances are widely used in forestry in Northern Europe to enhance
seedling survival and growth, and thus wood production (Handler et al.,
2018; Hayatgheibi et al., 2020). In study IlI, | observed that when nursery
seedlings of the most northerly provenance of P. sylvestris were moved south
across a large latitudinal range to the study area, they grew worse than did
the other provenances. One interesting finding was that when these P.
sylvestris seedlings were also grown in plots subjected to experimental
warming, they instead responded with enhanced height and grew the same
as the other provenances (paper Ill). This finding, while preliminary,
suggests that in a future warmer climate, P. sylvestris provenances could be
moved substantially south (i.e., by 5° of latitude) than is typically used today,
and still perform similarly to local provenances.

3.4.2 Presence of ericaceous shrubs

Key plant functional groups that survive fires may serve as competitors for
regenerating tree seedlings. Further, climate warming is expected to enhance
ericaceous shrub cover, which was shown in a tundra ecosystem by a study
of Myers-Smith et al. (2011). These shrubs can be detrimental to seedling
regeneration because they are strong resource competitors towards other
plants, they can produce allelochemicals against other plants (Nilsson, 1994;
Jaderlund et al., 1996), and they adversely affect litter decomposition and
nutrient fluxes (De Long et al., 2016), all of which impair tree seedling
regeneration and growth (Nilsson and Wardle, 2005). The growth of the
seedlings observed in paper Ill decreased in the presence of ericaceous
shrubs, however my data did not show any evidence that this effect was
impacted or amplified by warming.

44



4. Conclusions and implications

The results of my thesis lead to several conclusions and the summary of my
main findings are found in Table 2. First, this thesis shows that some soil N
transformations responded to fire severity. Specifically, gross mineralization
and consumption rates increased with increasing fire severity, and gross N
nitrification decreased. | conclude that during the fire, when soil organic
matter was combusted, there may be an initial net loss of N capital while at
the same time more N will circulate between the different pools of inorganic
and organic nitrogen (including the non-living soil organic matter and the
microbial biomass). This circulation of nutrients may be beneficial for tree
seedling regeneration, and could lead to a higher rate of organic matter
building up during post-fire recovery as the seedlings grow and provide
organic inputs over time. Given that some of the responses to burning of C
and N cycling and growth of nursery tree seedlings in this thesis were most
evident in the high burn severity stands, it is possible that a more severe
wildfire may both cause a higher immediate C loss and a higher recovery rate
of soil C stock over time.

Second, | observed that salvage logging had little impact on the measured
soil processes in this study, i.e., on soil C fluxes after one year, and soil N
transformation rates after four years post fire and logging practices. Salvage
logging had, however, a greater impact on the regeneration of conifer nursery
seedlings than on the soil processes. The two conifer species produced the
least aboveground biomass when planted in unlogged sites of low fire
severity. Further, P. sylvestris grew the best in sites where the canopy had
been removed (by high fire severity or salvage logging), and biomass of P.
abies was enhanced in sites that had been salvage logged and were of low
fire severity. The fast-growing P. sylvestris enhanced in biomass when it had
greater access to light and the shade tolerant late successional P. abies
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enhanced biomass when growing in the vicinity of naturally regenerated,
fast-growing deciduous tree species. In addition, these varying responses of
the two conifer species to salvage logging after high and low fire severity
occurred despite no observed differences in nutrient turnover between
salvage logged and unlogged sites. | therefore conclude that nursery tree
seedling regeneration of P. sylvestris appeared to benefit from the enhanced
light and reduced competition following wildfire and salvage logging, and
that regeneration of P. abies is supported in salvage logged sites of low fire
severity. However, in this thesis | do not address the question about overall
ecosystem resilience of boreal forest ecosystems to salvage logging
following wildfires of varying severities. Other parts of the ecosystem (e.g.,
mycorrhizal fungi) have shown to be severely affected by salvage logging
(Pérez-lzquierdo et al., 2021) and to draw a conclusion about the overall
impact of salvage logging; flora and fauna biodiversity, biotic and abiotic
soil properties and processes of the ecosystem need to be considered across
a variety of spatial and temporal (e.g., long term) scales.

Third, soil biota from low fire severity stands enhanced regeneration of
P. abies and P. sylvestris seedlings from seeds in the greenhouse, while B.
pendula growth was driven mainly by abiotic soil properties following
wildfire. Thus, the results indicate that the biotic responses of seedling
regenerated from seed were species specific. All species responded,
however, positive to soil nutrients, since they all grew under the same light
conditions and grew better in soils of unburned stands which had the highest
concentrations of available nutrients. Altogether, this specific study (paper
I) disentangled the effects of soil abiotic and biotic properties on boreal forest
tree seedling regeneration following wildfire of varying severity. To my
knowledge, no previous study in the boreal forest has explicitly addressed
this issue. The findings of the greenhouse study contrast with the results for
the field-planted P. sylvestris nursery seedlings, which showed higher
growth when grown in high fire severity stands. Reconciling these two
studies, it suggests that while light, nutrients, and soil microbes are all
important for regeneration, light appears to be relatively more important.

Fourth, this thesis shows that warming directly increases seedling growth.
Under experimental warming, an extreme southern movement of the
northenmost P. sylvestris provenance grew just as well in total height as the
other provenances that were moved within a latitude range that is suggested
in forestry. This suggests that provenances may be less sensitive to
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translocation within a larger latitudinal range in a warming climate.
However, climate warming might also indirectly affect tree seedling
regeneration negatively, since warming is projected to increase the
abundance of ericaceous shrubs, which may compete with tree seedlings for
space and resources. In line with this, my data showed that shrubs had a
negative impact on seedling growth, although I found no evidence that this
negative effect was amplified by warming.

Finally, the findings of this thesis have important applied implications for
research and management practice; (i) they increase our understanding of
how regeneration and soil processes are altered following wildfire and
salvage logging in Swedish boreal production forests. The data showed that
factors such as light, competition, soil nutrients and soil biota served as
important controls on forest regeneration after wildfire and salvage logging,
and that these factors had varying impact on different tree species; and (ii),
this thesis contributes with new knowledge (together with other research)
needed for the application of post-fire management practice. In a changing
environment, with warmer conditions and more frequent and intense fires,
forest management practices need to consider these future conditions that
prevail.
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Popularvetenskaplig sammanfattning

Den globala uppvéarmningen till foljd av klimatforandringar bidrar till langre
torkperioder. Detta Okar risken for att skogshbrander ska uppkomma, att
skogarna brinner mer intensivt och att effekterna av branderna blir storre.
Hur paverkas skogen av en kronbrand som dédat alla stora trad och dar det
mesta av det Oversta jordlagret brunnit upp och dddat svampar och bakterier
(h6g brandhardhet), jamfort med om brandens effekter ar mildare? Vilka &r
effekterna av den efterféljande avverkningen av brandskadad skog och
vilken betydelse har brandhardheten for effekten av avverkning pa mark och
vaxter? | min avhandling studerar jag hur foryngringen av tall, gran och
vartbjork paverkas av avverkning av brandskadade trad nar brandhardheten
varierat. Jag undersoker dven hur dessa faktorer paverkar markprocesser sa
som mikrobiell omvandling (av svampar och bakterier) och tillganglighet av
kvéve for en ny skogsregeneration.

Tradrotter och mykorrhizasvampar lever i symbios med varandra, dar trad
tar upp koldioxid fran atmosfaren och tillhandahaller svamparna med kol i
utbyte mot kvave. Om traden dor (till foljd av till exempel brand eller
avverkning), paverkar detta mykorrhizasvamparna liksom utbytet av néring
mellan trad, nya plantor och jord. Daremot medfor doda staende trad att mer
solljus kommer ned till marken och att resurskonkurrensen mellan stora trad
och nya plantor minskar. Min avhandling visar i ett vaxthusforsok att efter
en brand sd ar effekten av markens abiotiska (naring) och biotiska
(mikroorganismers aktivitet) egenskaper pa foryngring av tradplantor &r
artspecifik. Gran kan o©ka sin tillvaxt i jord som har levande
mikroorganismer, sa som kan vara fallet i jord fran skog som brunnit lag-
intensivt med manga Gverlevande stora trad. Bjork tycks i mindre omfattning
vara beroende av levande mikroorganismer och okar istallet i tillvaxt nar
néringen i marken &r hog.
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Efter en skogsbrand ar avverkning av brandskadade trad en vanlig atgard,
vilket betyder att alla brandskadade trad fors bort fran omradet och lamnar
kvar ett kalhygge. Effekten av en sddan avverkning pa mark och vegetation
kan variera beroende pa hur intensivt det har brunnit. Min avhandling visar
att effekten av brandhardhet pa marken ar stérre an effekten av avverkning
av brandskadade trad. Min avhandling visar ocksa att effekten av avverkning
pa skogsforyngringen varierar beroende pa brandhardhet. Dessa effekter kan
ytterligare forstarkas av en klimatuppvarmning. Sammantaget bidrar min
avhandling till ny kunskap till stod for hur framtida skogar kan forvaltas i ett
framtida scenario med 6kande antal intensiva skogsbrander, till foljd av ett
forandrat klimat.

59






Acknowledgements

First thank you, whoever is reading my thesis, you make these written pages
alive.

There are many people | met through these years in Umea, whom | wish
to thank. My supervisors, how lucky | feel to have been a part of your team.
My main supervisor Marie-Charlotte, you have been a great mentor to me
from the start - thank you for sharing your knowledge about boreal forests
and for your constant support. Michael, thank you for your positive spirit and
for being available to discuss anything at any time. David, thank you for your
invaluable feedback on the manuscripts and for welcoming me to Singapore
during my visit at NTU.

Further, | have worked with several people, and | am grateful to all of
you. Morgan, it has been a pleasure to work with you in field, thank you for
your patience and for being so eager to find solutions to problems. Thank
you, Johannes (Forkman), for statistical feedback and discussions. Thank
you, Margareta, Jenny, Abdul, Jonas, for your great work in the lab, to the
staff at the library, at the Wallenberg greenhouse, the IT department at SLU
in Umea and to HR at FEM, for fast support when needed. A special thanks
to UIf, you were the first to welcome me at SLU, and you have been very
supportive at HR. Thank you, Kelly for your great help in the lab and
greenhouse, and thanks to everyone in the vegetation ecology lab group, for
interesting discussions and talks. Thank you, Natascha, Julia, Louise and
everyone in the Ljusdal fire ecology group, for excellent collaborations.
Thank you, Tobias, for introducing me to the lab at GVC in Gothenburg
during my visit and to Josefina, for helping me out when the SPINMAS
stopped working. Thank you, Marie-Lou, Niklas, Malin and Alice, for fun
times in field.

61



A big thanks to the PhDs, postdocs and friends in Umed: Robert, Vicky,
Zsofia, Alejandro, Johannes L., Felicia, Benjamin, Viktor, Lara, Joss, Susan,
Betty, Kishore, Arvid, Artis, Stefan H., Roger, Malgorzata, Leslie, Lina and
all old and new colleagues at SLU, for sharing this journey with me. A
special thanks to Stefan P, for sharing the passion for salsa dancing and for
answering kappa related questions, and to José for all the laughs and sharing
great taste of music. Hélene - | am very grateful that you were always
checking in on me.

During these past years in Umea | have met friends at SLU, who had
special impact on me. Thank you for entering my life and | hope to continue
this friendship for many years, even if we will live in different corners of the
world: Clydecia, you truly are one of a kind! You have been so friendly and
helpful from the start. Simone, you became my first friend in Umea - | miss
you! Noelia, mi hermana espafiola, | always feel positive after hanging out
with you. Ruth, you social butterfly, thank you for being such an amazing
and caring friend - the last two years in Umea would not have been the same
without you.

During my years in Umea, | have had great support from the following
close persons in my life and | made it because of you: Jossan, my best friend,
you were always just a phone call away when | needed you and you mean
the world to me. Zorro, my little partner in crime who always gives me
unconditional love. Many ideas for the thesis came up during our long walks.
lona and Nataniel, who always make me laugh, Dad, thank you for
supporting me to believe in myself, but also to accept my limitations in order
to be happy. Mom, through all my phases in life you have always been there
for me and | cannot thank you enough for that. Your constant questions of
“did you eat something” or “did you sleep” were actually very nice to hear.

Last, my love, you supported me through my university studies, Ph.D.

journey and throughout life. So Christian, now it is my turn to thank you for
everything else.

62















Ecosystems
https://doi.org/10.1007/s10021-021-00666-0

ECOSYSTEMS| ™.

© 2021 The Author(s) | updates

Effects of Soil Abiotic and Biotic
Factors on Tree Seedling

Regeneration Following a Boreal
Forest Wildfire

Theresa S. Ibafiez,"*® David A. Wardle,?® Michael J. Gundale,'® and Marie-
Charlotte Nilsson'

!Department of Forest Ecology and Management, Swedish University of Agricultural Sciences, Umed, Sweden; ?Asian School of the
Environment, Nanyang Technological University, Singapore, Singapore

ABSTRACT

Wildfire disturbance is important for tree regener-
ation in boreal ecosystems. A considerable amount
of literature has been published on how wildfires
affect boreal forest regeneration. However, we lack
understanding about how soil-mediated effects of
fire disturbance on seedlings occur via soil abiotic
properties versus soil biota. We collected soil from
stands with three different severities of burning
(high, low and unburned) and conducted two
greenhouse experiments to explore how seedlings
of tree species (Betula pendula, Pinus sylvestris and
Picea abies) performed in live soils and in sterilized
soil inoculated by live soil from each of the three
burning severities. Seedlings grown in live soil
grew best in unburned soil. When sterilized soils
were reinoculated with live soil, seedlings of P. abies
and P. sylvestris grew better in soil from low burn
severity stands than soil from either high severity
or unburned stands, demonstrating that fire dis-
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turbance may favor post-fire regeneration of con-
ifers in part due to the presence of soil biota that
persists when fire severity is low or recovers
quickly post-fire. Betula pendula did not respond to
soil biota and was instead driven by changes in
abiotic soil properties following fire. Our study
provides strong evidence that high fire severity
creates soil conditions that are adverse for seedling
regeneration, but that low burn severity promotes
soil biota that stimulates growth and potential
regeneration of conifers. It also shows that species-
specific responses to abiotic and biotic soil charac-
teristics are altered by variation in fire severity. This
has important implications for tree regeneration
because it points to the role of plant—soil-microbial
feedbacks in promoting successful establishment,
and potentially successional trajectories and species
dominance in boreal forests in the future as fire
regimes become increasingly severe through cli-
mate change.

Key words: Abiotic and biotic soil characteristics;
Betula pendula; Boreal forest; Burn severity; Climate
change; Picea abies; Pinus sylvestris; Plant—soil inter-
actions; Tree seedling regeneration; Wildfire.
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HiGgHLIGHTS

e High burn severity created conditions adverse for
seedlings growth.

e Low burn severity promoted soil biota that
enhanced growth of Pinus sylvestris and Picea
abies.

e Betula pendula growth was driven by changes in
abiotic soil properties.

INTRODUCTION

Fire is a recurrent natural disturbance in northern
coniferous forests that controls vegetation dynam-
ics, structure, diversity and function. While boreal
forests are shaped by and adapted to fire, natural
fire regimes are rapidly changing as a consequence
of global climate change (Kasischke and Turetsky
2006; Soja and others 2007; Balshi and others
2009; Ponomarev and others 2016). For many parts
of the boreal region, burn probability, fire area and
fire intensity are projected to increase and become
more common as the climate warms (de Groot and
others 2013). This is in part due to increasing
duration of extreme fire-promoting conditions,
such as warmer temperatures (Gillett and others
2004). These changes in fire regime are predicted to
alter plant and soil community structure and cause
elevated tree mortality (Stephens and others 2013),
alter soil organic matter content (Czimczik and
others 2005) and alter functioning of soil microbial
communities due to increased loss of organic
material (Allison and Treseder 2011). More fre-
quent and higher intensity fires are also likely to
induce shifts in how boreal forests will regenerate
and recover from fire disturbances (Johnstone and
others 2010; Alexander and others 2018), in part as
a consequence of fire-induced effects on loss of soil
organic matter and survival of mycorrhizal fungi
needed for tree seedling regeneration (Dahlberg
and others 2001; Dahlberg 2002).

Fires in boreal forests of Eurasia typically occur as
low-intensity ground surface fires, to which many
of the dominant tree species are adapted (Angel-
stam and Kuuluvainen 2004). In Sweden, older
Scots pine (Pinus sylvestris) trees frequently survive
ground fire because of their thick bark and high
crown base height (Zackrisson 1977; Hellberg and
others 2003), and deciduous trees such as birch
(Betula pendula and Betula pubescens) are well
adapted to ground fires because the high position of
the crown and their ability to resprout vegetatively
after fire (Atkinson 1992). In contrast, Norway

spruce (Picea abies) trees are usually consumed by
fire because of their thin bark and low branches
(Zackrisson 1977). Post-fire regeneration by P. syl-
vestris and B. pendula occurs from seeds that are
dropped on site shortly after fire from surviving
trees, and seeds of B. pendula can also be spread
over long distances, while P. abies typically recolo-
nizes slowly post-fire by seeds originating from
outside burned areas. (Granstrom 1991; Hellberg
and others 2003). Fire is often necessary for new
forest tree cohorts to regenerate in these ecosys-
tems (Lampainen and others 2004), and this is
associated with the reduction or loss of understory
vegetation and shifts in soil properties such as in-
creased concentrations of inorganic nitrogen (that
is, NH;") (DeLuca and others 2002; Gomez-Rey
and Gonzalez-Prieto 2013). However, the extent of
post-fire tree regeneration is also regulated by soil
burn severity (Bansal and others 2014), because
higher severity burns cause greater loss of organic
material and soil biota (Certini 2005) and higher
mortality rates of trees which may lead to slower
tree regeneration. Although much is already
known about the impact of fire on plant mortality
and post-fire successions in boreal forests, less is
known about how variation in fire behavior and
tree mortality impacts aboveground-belowground
linkages and soil microbial communities, which
may have important consequences for forest
regeneration (but see Bergner and others 2004;
Treseder and others 2004; Holden and others 2013;
Sun and others 2015; Hewitt and others 2020).
Soil microorganisms, and notably saprotrophic
microbes and ectomycorrhizal fungi, are critical
components for nutrient turnover and seedling
establishment and growth in boreal forest (Read
and others 2004), and their response to fire dis-
turbance can therefore impact on post-fire recovery
of trees (Hewitt and others 2017). The extent to
which the organic layer is combusted or lost from
fire has major impacts on the soil biota and the
speed of its post-fire recovery. Communities of
ectomycorrhizal fungi can survive low burn
severity fires when the organic layer is not com-
pletely consumed (Dahlberg 2002; Holden and
others 2016). Survival and short-term recovery of
ectomycorrhizal fungi may, however, depend not
only on the remaining organic layer, but also on
the degree of fire-induced mortality of overstory
trees (Dahlberg 2002; Pérez-Izquierdo and others
2021). With regard to saprotrophic soil microbes,
bacteria in general appear to be more resistant than
fungi to fire because they are better adapted to
resist fire-generated heat (Certini 2005; Mataix-
Solera and others 2009). The release of organic
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nutrients after fire can stimulate the recovery rate
of bacterial communities (Barcenas-Moreno and
others 2011), leading to accelerated short-term re-
lease of inorganic soil nutrients that favors tree
regeneration. In contrast, higher burn severity may
strongly reduce the microbial communities and
thereby soil organic matter decomposition, reduc-
ing the availability of nutrients needed for tree
growth (Holden and others 2016). In total, tree
seedling responses to fire depend on how the fire
affects both the soil microbes and the abiotic soil
properties, as well as the interaction between them.
However, the effects of belowground biotic and
abiotic changes caused by fire on tree seedling
regeneration have mostly been investigated in
isolation from one another.

On 31 of July 2014, a large accidental wildfire in
east-central Sweden, known as the Vastmanland
burn started (Gustafsson and others 2019). It was
initiated and spread fast due to an extended period
of unusually hot and dry weather; it burned more
than 13,000 ha of forest and was the largest fire in
Swedish modern history (Lidskog and others 2019).
For a large part of this area, the fire was intense and
caused widespread tree death and loss of the or-
ganic layer. Within this area, some forest stands
were severely burned, some stands were less se-
verely burned, and some stands were not burned at
all, creating a mosaic of stands across the landscape
with differing fire severity. We collected soils from
forest stands of low burn severity, high burn
severity and unburned stands for use in each of two
greenhouse experiments that were set up to better
understand how growth of three different seedling
species (P. abies, P. sylvestris, B. pendula) respond to
different burn severities. In the first greenhouse
experiment we planted seedlings in live (non-
sterile) soil from each burn severity class, and the
difference in seedling growth between burn
severity treatments could be due to either soil
abiotic properties (that is, pH, nutrients, organic
matter content, or texture) or biotic properties (that
is, composition and biomass of organisms present);
this experiment did not allow us to disentangle the
role of these two mechanisms. In the second
greenhouse experiment, we planted seedlings in
sterilized soils that had been inoculated with live
soil (that is, containing live soil biota) from each
stand burn severity class. Doing this allowed us to
separate how soil abiotic versus biotic properties
influenced seedling growth and thus shed insights
into the mechanisms underpinning the first
experiment.

Through these two experiments, we sought to
test how the abiotic and biotic components of soil

impact tree seedling growth when soils are sub-
jected to different levels of burn severity. For the
first experiment, we hypothesized that seedlings
will grow better in living soil from stands subjected
to low burn severity relative to soils from either
unburned or high burn severity stands. We ex-
pected this because burning would enhance
nutrient availability (Wan and others 2001), and
mild burning would enhance nutrient availability
without impairing the ectomycorrhizal fungal
community or stimulate succession of fire adapted
fungal species. Further, we expected this effect to
be greater for pioneering fast-growing species (P.
sylvestris and B. pendula) that can better exploit
these inorganic resources relative to late-succes-
sional species (P. abies) because of their rapid root
growth and photosynthesis (Pumpanen and others
2009; Nilsson and others 2012). For our second
experiment, we hypothesized that tree seedlings
planted in sterilized soils would grow the largest
when inoculated with soil from stands with live
trees present (that is, stands subjected to low
severity burning or unburned stands), and that this
would occur irrespective of the burn severity class
of the sterilized soil. We expected this because high
burn severity soils should mostly lack live tree roots
(Pérez-Izquierdo and others 2019) and thus are
unlikely to harbor a living ectomycorrhizal fungal
community (Dahlberg 2002; Pérez-Izquierdo and
others 2021) that is essential for plant nutrient
acquisition (Smith and Read 2008). Further, we
expected that the positive effect of inoculation with
unburned or low burn severity soils would be
greatest for P. sylvestris seedlings because it was the
dominant tree cover in these stands before and
after fire, and would likely promote an ectomyc-
orrhizal community that is most suitable for P. sy/-
vestris and includes fire-adapted early colonizing
fungi. Additionally, we would expect conifers to
benefit from late-successional fungi present in un-
burned soils. Testing these hypotheses in combi-
nation contributes to a mechanistic understanding
of how tree regeneration success following wildfire
varies in response to burn severity in boreal forests,
and how this is determined by abiotic versus biotic
soil properties.

METHODS
Selection of Burn Severity Stands

Within the Vistmanland burn, we selected 25
burned forest stands that were each about 0.25 ha
and had undergone one thinning operation prior to
the fire (stem density of < 1000 stems per hec-
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tare); they were all on podzolized soils, had a site
index of 22-24 m (that is, the estimated dominant
height at age 100 years) and represented a gradient
in burn severity. They occurred within an area of
approximately 60 km?, with each stand separated
at least 300 m from all other stands. Prior to the
fire, the stands were dominated (87%) by 40-50-
year-old Scots pine (P. sylvestris) production forests
with scattered (11%) Norway spruce (P. abies) and
(2%) birch (Betula spp.) trees and an understory
vegetation dominated by ericaceous dwarf shrubs
(Vaccinium vitis-idaea, V. myrtillus and Calluna vul-
garis) and mosses (mainly Pleurozium schreberi).

In April 2016, data for stand characteristics of the
25 burned stands were collected within a circular
plot of 314 m? (radius = 10 m) in the center of
each stand. Tree mortality was determined by vi-
sual inspection (for example, the lack of green
needles present) and calculated as the percentage
of dead trees versus all (dead and alive) trees within
the plot. The number of trees with stem scorch
visible (for example, trees that had bark that had
fallen off the stem) was also counted. Flame length
was determined as the average charring height of
stems for 20 P. sylvestris trees per plot, and for these,
the level of crown scorching (that is, the proportion
of needles killed or consumed by fire throughout
the whole crown) was also estimated. For each
plot, the total organic (humus) depth (that is, Oa
and Oe horizons) and the depth of the charred
layer in the soil profile were measured at 25 ran-
dom positions by vertically inserting a ruler in the
ground. In addition, in four randomly allocated
positions within each plot, the amount of charcoal
deposited on the topsoil was collected within a
circular area (radius = 8 cm) and converted to dry
mass per area. With the use of these data (that is,
tree mortality, flame height, stem scorch, crown
scorch, humus depth, depth of charred soil, coarse
charcoal on surface and fine charcoal on surface)
for each of the 25 stands, we then classified the
stands into burn severity classes by using Principal
Component Analysis (PCA) followed by K-mean
clustering. From this analysis we selected seven
stands of high burn severity and seven stands of
low burn severity for further use (Supporting
Information Figure S1; Table S1). The major dif-
ferences between high burn and low burn severity
stands result from high burn stands having a higher
tree mortality, larger flame height, a higher num-
ber of stem and crown scorches of trees and a larger
reduction of humus thickness from humus com-
bustion (Table 1). In addition, seven unburned
stands distributed around the burned area (within
500 m of the fire perimeter) were also selected for

this study. The three burn severity class stands
(unburned, high burned and low burned in total 21
stands) were randomly distributed across the
burned area, allowing each stand to serve as an
independent replicate, with seven randomly dis-
tributed stands in each burn severity class. Prior to
the fire, there were no major differences in mean
tree height, tree basal area, tree biomass or tree
species composition among burn severity classes
(Pérez-Izquierdo and others, Unpublished Manu-
script).

Soil Chemistry of Forest Stands

On May 22-26, 2018 we randomly collected five
circular soil cores of mineral soil (radius =5 cm;
depth = 10 cm) and five circular soil cores of the
organic layer (radius = 15 cm) to the full organic
layer depth from each 21 stands. The organic (hu-
mus) layer included the Oa and Oe horizon, while
the Oi horizon was excluded from the soil samples.
The five soil cores were bulked to represent one
sample per stand. Roots and small debris were re-
moved from the soil. For a subsample of each
sample, the total concentration of phosphorus (P)
was determined by Kjeldahl acid digestion (G-189-
97 Rev. 3, multitest MT7) using an Auto Analyzer 3
Spectrophotometer (Omniprocess, Solna, Sweden).
Total soil carbon (C) and nitrogen (N) concentra-
tions were analyzed by drying (70 °C, 18 h) and
grinding samples followed by dry combustion using
an EA-IRMS Elemental Analyzer (Flash EA 2000,
Thermo Fisher Scientific, Bremen, Germany). For
another subsample, soil pH was determined by
using a solution-to soil ratio suspension of 0.01 M
CaCl, mixed with mineral soil (1:1) or humus
(1:10) following Thomas (1996).

Greenhouse Experiment, Experimental
Design and Soil Chemistry of Greenhouse
Soil

We performed a greenhouse experiment using soils
from each of the three burn severity classes of
stands. From September 29 to October 2, 2017 we
randomly collected approximately ten circular soil
cores (radius = 5 cm; depth = 10 cm) within the
314 m? (radius = 10 m) circular area of each of the
21 stands. The different burn severities between
stands resulted in variable thickness of the organic
horizon, with high severity stands having little or
no remaining humus (Mean 20.0 & SE 1.7 mm),
low burn severity stands having some organic layer
(24.1 £ 1.9 mm) and unburned stands having
thick organic layer (93.9 £ 5.5 mm). In order to
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Table 1. Measures of Burn Severity of the Forest Stands.

Burn severity measures df! Burn severity class of forest stand F-value P-value
High Low
Tree mortality (%) 1,12 100.0 + 0.0° 32.1 & 5.0° 186.85 < 0.001
Flame height (m) 1, 12 6.8+ 1.17 1.0 +0.1° 25.62 < 0.001
Stem scorch (%) 1, 12 13.1 & 3.6° 2.9 +1.9° 6.48 0.026
Crown scorch (%) 1,12 99.4 + 0.4° 27.9 + 2.4° 846.74 < 0.001
Humus depth® (mm) 2,18 20.0 + 1.7° 24.1 £ 1.9° 142.42 < 0.001
Depth of charred soil profile layer (mm) 1, 12 10.3 £+ 0.8° 12.8 +0.8° 5.03 0.045
Charcoal on soil surface (g/m?) 1, 12 120 £ 25 75 £ 25 1.50 0.244

Mean + SE.
Bold F- and P-values are significant at an alpha value of 0.05.

Numbers within rows accompanied by different letters differ significantly at P <

'Numerator degrees of freedom, denominator degrees of freedom.

0.05 (following ANOVA).

>The mean + SE depth of unburned humus was 93.9 £ 5.5 mm and was statistical significantly higher than both high and low burned soils at P < 0.001 (Bonferroni post

hoc test following ANOVA).

achieve a representative sample of the conditions
that the roots of a developing seedling would
experience, we sampled to a fixed depth (10 cm) at
each site which included the humus that was pre-
sent and the underlying mineral soil. As such, the
proportion of organic (humus) soil to mineral soil
varied across stands, with the highly burned sites
having a low amount of humus relative to the
unburned sites. For each stand, all the soil cores
were bulked to create a single sample which was
then passed twice through a 4.0-mm sieve, placed
in a polyethylene bag and transported to Umea in
cooling boxes and stored at 2 °C until the start of
the experiment on October 17, 2017. Two-thirds of
the sieved soil from each stand was sent in cooling
boxes to SynergyHealth (Etten-Leur, Netherlands),
for gamma irradiation at a dose of 43.0-78.8 kGy.
This sterilization treatment was chosen to effec-
tively kill all the soil biota while creating minimal
disturbance to physical soil structure (McNamara
and others 2003).

To distinguish between the effects of soil biota
and soil abiotic properties on seedling performance,
two separate greenhouse experiments were set up
in which tree seedlings were grown in the field
collected soils. In the first experiment that tested
for the effects of soil properties including live biota,
we used unsterilized soil from the field sites to
perform a factorial experiment consisting of three
soil burn severity classes (that is, high burn, low
burn and unburned) x three tree seedlings species
(P. abies, P. sylvestris, or B. pendula) x seven repli-
cates (that is, the seven stands per burn severity
class), resulting in a total of 63 pots. For the second
experiment that tested for the separated effects of
soil biota and abiotic properties, we used sterilized

soil originating from the same sites as the first
experiment and applied soil community inocula-
tion treatments consisting of live soil from each of
the different burn severity classes (Figure 1). The
experiment was set up in a factorial design in
which pots were filled with sterilized soil from
three burn severity classes (high burn, low burn or
unburned) and planted with each of three plant
species (P. abies, P. sylvestris or B. pendula); these
soils then were inoculated with four burn severity
inoculum class treatments. The four inoculum
treatments consisted of live inoculum from each
class, as well as a sterile control, resulting in 252
pots in total (Figure 1). The experimental units
were randomly arranged into blocks, by including
one stand of each burn severity class in each block.
Thus, each block consisted of 12 pots (three burn
severity classes x four burn severity inoculum
classes). Because our research question was focused
on local microbial communities and we aimed to
generalize results from our experiment to the en-
tire burned landscape we sampled, burn severity
inoculum class derived from each stand was kept
separate (Gundale and others 2017) and was ran-
domly assigned to receiving soils originating from
different stands (Gundale and others 2014). Our
inoculation approach therefore followed experi-
ment Type D described by Gundale and others
(2017, 2019).

For both experiments, we used 800 ml pots
(8 x 8 x 8.5 cm) with holes in the bottom to allow
excess water drainage. Pots were filled with 2/3
experimental soil (that is, live soil for the first
experiment; sterilized soil + live inoculum for the
second experiment) and 1/3 with autoclaved
quartz sand to improve drainage after watering. For
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the second experiment, 10% of the soil volume in
each pot with sterilized soil was replaced with soil
containing live biota (burn severity inoculum class
treatments). This soil was also mixed with auto-
claved quartz sand, resulting in an inoculation
amount of approximately 6.6% of the total pot
volume. Both unsterilized and sterilized soil from
each stand, following mixing with quartz sand, was
analyzed for nutrient concentration (NH,*, NO5",
PO,>7) using standard protocols (Gundale and
others 2011).

All pots were set up on tables in a greenhouse
and planted with P. abies, P. sylvestris or B. pendula
seedlings. The seeds were obtained from tree
nurseries in Sweden and consisted of genetic
provenances that corresponded to our field sites.

(b) Live soil inoculum from burn severity class of:

High

The seeds were sterilized in 5% hypochlorite and
rinsed with deionized water and then placed on
autoclaved quartz sand for pre-germination for se-
ven days. Two seedlings per species were then
planted in each pot, and after one month the
smallest seedling was removed. During this first
month new seedlings were planted if both seedlings
in a pot died. After this period, 100% seedling
survival was obtained. The tables were rotated once
a week to avoid unwanted effects of greenhouse
gradients. Both experiments were run for
4.5 months, and seedlings were watered every day
with tap water. The ambient conditions within the
greenhouse involved a 18:6 h light/dark photope-
riod with a relative air humidity of 40%. The
temperature ranged between 25 °C (day) and

Sterile

Unburned (control)

Low

(a) Sterilized soil from burn severity class of:

IFX
%% ¥

lxx .y

< < <

Figure 1. Schematic figure of Experiment 2, which aims to separate the soil biotic and abiotic effects of soils from forest
stands subjected to high and low burn severity as well as from unburned stands on the growth of tree seedlings. a Pots with
sterilized soil from high burn severity (black pots), low burn severity (gray pots) and unburned (white pots) stands
receiving, b live soil inoculum from high severity (red), low severity (yellow) and unburned (green; top vertical) stands.
Pots arranged vertically to the far right consist of sterile soil without added inoculum (sterile controls). Each pot was
planted with seedling of Picea abies, Pinus sylvestris or Betula pendula. The 12 pots depicted represent one block for one
species; in total seven blocks were set up for each of the three species. There were 12 (pots) x 3 (species) x 7 replicates
(blocks), resulting in a total of 252 pots for this experiment. The percentage of total soil in each pot that was added live
inoculum was 6.6%, except for the sterile control pots where it was 0%.
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15 °C (night). At the end of the experiment we
harvested the seedlings by eliminating soil from
roots with water and cut the plant at the soil sur-
face to separate aboveground from belowground
biomass. Plants were put in paper bags and oven-
dried at 65 °C for 48 h and weighed to obtain
measures of aboveground, belowground and total
biomass.

Statistical Analysis

For the first experiment, statistical analysis was
performed by using split plot ANOVA with burn
severity class as a fixed factor and plant species as a
subplot factor. For the second experiment we used
a blocked design followed by split plot ANOVA with
burn severity class and burn severity inoculum
class as fixed factors and plant species as a subplot
factor. The sites were randomly selected in the
field, and we therefore performed the data analysis
with an assumption that the data is randomly dis-
tributed. To satisty assumptions of homogeneity of
variance, all data were log(x) transformed. Data for
burn severity and soil characteristics of the forest
stands, and nutrient concentrations in soil used in
greenhouse, were analyzed using one-way ANO-
VA. For both experiments, stand characteristic and
greenhouse soil data, Bonferroni post hoc test was
used at o = 0.05, to further explore pairwise dif-
ferences between treatment means. All data were
statistically analyzed in SPSS version 24 (IBM
Corp., Armonk, NY, USA). Raw data are stored as
Supplementary material (S3). Figure 1 was created
in Affinity Designer 1.8.3.

REesuLts
Soil Chemical Properties

In 2018, four years after the fire, we found no
significant differences in concentrations or ratios of
total soil C, N, C:N and P in mineral soil or organic
layer between stands of different burn severities
(Table S2). Meanwhile, mineral soil pH of high
burn severity stands (pH = 3.89 £ 0.06; mean £
SE) and low severity stands (pH = 3.78 + 0.07)
were both significantly higher than that for un-
burned stands (pH = 3.31 %+ 0.12) but did not differ
from each other (F, ;5 = 12.20, P-value < 0.001).
For the humus, pH in low burn severity stands
(pH = 3.30 £ 0.08) was significantly higher than
for unburned stands (pH = 3.04 £ 0.04)
(Fy,12 = 8.53, P-value = 0.013); humus pH could
not be determined for the high severity stands due
to insufficient humus remaining as a consequence
of the fire.

For the soil used for the greenhouse experiment,
NH," and PO,>~ were overall greatest in soil from
the unburned stands, whereas NO;~ was unre-
sponsive to burn severity (Table 2; Figure 2). We
also found that sterilization increased NH," in all
soils with the strongest effects on unburned soil.
Sterilization also increased soil concentrations of
PO,>~, but only in unburned soil, and had no effect
on NO;~ (Table 2; Figure 2).

Greenhouse Experiments

In the first experiment in which we used unsteril-
ized soil, both burn severity class and plant species
identity significantly affected total, aboveground
and belowground seedling biomass, and burn
severity class also impacted the aboveground-to-
belowground biomass ratio (Table 3); there were
no interactive effects between these two factors.
The effect of plant species identity was because B.
pendula and P. sylvestris produced more above-
ground and belowground biomass than did P. abies
(Figure 3). For the burn severity class effect, seed-
ling biomass were generally greater in the un-
burned soil compared to the high burn severity soil,
with low burn severity soils often showing inter-
mediate seedling growth (Figure 3). The above-
ground-to-belowground biomass ratio was lowest
in soil from the high burn severity stands, although
this effect of burn severity was detected as signifi-
cant only by the analysis of variance and not the
post hoc analysis (Table 3; Figure 3d).

In the second experiment involving soil steril-
ization and inoculation of live biota, we found that
burn severity class, burn severity inoculum class
and plant species identity nearly always had sig-
nificant effects on seedling total, aboveground and
belowground biomass, and on the ratio of above-
ground to belowground biomass (Table 4). The
plant species effect occurred because B. pendula
produced the most biomass, while P. abies produced
the least; B. pendula seedlings also had the lowest
aboveground-to-belowground biomass ratio (Fig-
ure 4). The burn severity effect occurred because
seedling growth variables were always highest in
unburned soils and usually least in high burn
severity soils (Figure 4a—d). For the significant burn
severity inoculum class effects, low burn severity
inoculum class often stimulated the highest seed-
ling biomass, and the aboveground-to-below-
ground biomass ratio, the most out of all inoculum
classes (Figure 4e-h). The interactive effect of burn
severity and plant species identity was significant
for all variables except aboveground biomass (Ta-
ble 4), which was due to the stronger overall pos-
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Table 2. Results from Analysis of Variance Comparing Main and Interactive Effects of Burn Severity Class
(BSC) and Sterilization (S), of Soil Used in the Greenhouse, for NO5~, NH,* and PO43*.

df’ NO;~ NH,* PO~
F-value P-value F-value P-value F-value P-value
Burn severity class (BSC) 2,18 2.470 13.747 < 0.001 9.045 0.001
Sterilization (S) 1, 12 3.457 167.441 < 0.001 5.554 0.024
BSC x S 2,18 2.431 17.864 < 0.001 6.010 0.006

Bold F- and P-values are significant at an alpha value of 0.05.
'Numerator degrees of freedom, denominator degrees of freedom.

itive effect of burn severity on B. pendula biomass,
and on the aboveground-to-belowground biomass
ratio for P. sylvestris and P. abies (Figure 4a—d). We
also observed a two-way interactive effect of burn
severity inoculum class and plant species and a
three-way interactive effect of these two variables
and burn severity, on both aboveground biomass
and the ratio of aboveground to belowground
biomass (Table 4). The two-way interaction (Fig-
ure 4e-h) occurred because B. pendula responded
less to burn severity inoculum class than did the
two conifer species. Meanwhile, the three-way
interaction occurred because the two conifer spe-
cies responded stronger to low burn severity
inoculum class when grown in the unburned soil
compared to the other burn severity classes.

DiscussioN

We aimed to test how the abiotic and biotic prop-
erties of soil, collected from stands subjected to
different burn severity, impact tree seedling
growth. Overall, we found that effects of burn
severity on both soil biotic and abiotic properties
were important for seedling growth, but that effects
of soil abiotic properties were overall more impor-
tant, although seedlings of different tree species
varied in their responses to only soil biotic prop-
erties. Our findings elucidate how fire may affect
seedling performance via its effects on the soil and
soil biota, thus providing insights into key mecha-
nisms underlying tree regeneration after wildfire.

Effects of Non-sterile Burn Severity Soil
on Tree Seedling Growth

In our first experiment, where live (non-sterile) soil
from each stand was used, we found that both burn
severity and plant species identity were important
for explaining seedling growth. However, we did
not find any interactive effect between burn
severity and species identity, meaning that the

three species responded similarly to the burn
severity treatments. We found that all seedlings
grew worse in high burn severity soils and best in
unburned soils, with the fast-growing P. sylvestris
and B. pendula seedlings achieving a higher final
biomass than those of P. abies. These findings con-
tradict those from field experiments showing
ground burning of intermediate severity to be more
beneficial to growth of pioneer species relative to
their growth in unburned soil (Bansal and others
2014). In our study, there were no major differ-
ences in concentrations of NH,*, NO;~ and PO,>~
in live soils at the time of collection, probably be-
cause we collected our soils four years post-fire,
and the expected flush of nutrients immediately
following fire (Gundale and others 2005) may have
dissipated. However, the greater seedling growth in
unburned soils suggests higher nutrient availability
in those soils, likely because these soils had a higher
proportion of organic material that could be rapidly
mineralized in the greenhouse environment.

The seedlings may also have grown largest in the
unburned soils because these soils would likely
support more ectomycorrhizal and saprotrophic
fungi that would stimulate organic matter decom-
position and plant access to nutrients which should
benefit seedling growth (Holden and others 2016).
It has also been suggested that high availability of C
in the root zone from root exudates may stimulate
bacterial breakdown of complex sources of N
(Clarholm 1985), meaning that mineralization
rates should be higher in soils with active plant
roots. At the same time, lower growth of seedlings
in high burn severity stands could be due not only
to lower resource availability and loss of mutual-
istic biota, but also to greater levels of fungal pa-
thogens (Hewitt and others 2016). However, our
Experiment 1 is unable to separate between the
likely abiotic and biotic mechanisms contributing
to these effects.
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Figure 2. Mean + SE of NO5~ (a), NH4* (b) and PO4>~
(c) of live or sterilized mixtures of humus and mineral
soil from different forest stand fire severity classes. All soil
was mixed with autoclaved sand, at a 2:1 ratio. Different
capital letters above pairs of bars indicate significant
differences between burn severity classes, and different
lower case letters indicate significant differences between
live and sterile soil, according to Bonferroni post hoc tests
at P < 0.05. Corresponding two-way ANOVA results (F-
and P-values) are reported in Table 2.

Our first experiment also revealed that increases
in soil pH associated with fire could indirectly ex-

plain seedling growth response to fire, because the
burned soil had both the highest soil pH and the
lowest seedling growth. This may be because
higher soil pH can disfavor communities of fungi
(Day and others 2019), which would reduce the
organic matter decomposition and therefore pre-
sumably decrease the availability of nutrients for
plant growth (Smith and Read 2008). Our analysis
further showed marginally significant statistical
differences in seedling aboveground-to-below-
ground biomass ratios among soil burn severity
treatments, and all species tended to have weakly
lower ratios when grown in high burn severity soils
compared to when grown in low severity and un-
burned soils, which could reflect greater soil re-
source limitation. Since the high burn severity soil
had much less organic material than in the other
soils, it is likely to contain fewer saprotrophic mi-
crobes and mycorrhizal fungi needed for promoting
nutrient availability for the seedlings, which may
have caused them to allocate more biomass to the
rooting zone (Ledo and others 2018).

Separating Soil Biotic and Abiotic
Influence on Seedling Growth

Our second experiment (Experiment 2) compared
growth of seedlings in sterilized soils across the
three burn severity treatments and in sterilized soils
that had been reinoculated with live soils (that is,
containing live soil biota) from each of the burn
severity treatments. This set up enabled us to dis-
entangle the effects of abiotic soil properties from
that of live biota.

Similar to the first experiment, we found that
burn severity had a highly significant influence on
seedling growth of all species, in that seedlings in
soil originating from unburned stands grew the
most and those in soil from the high burn severity
stands grew the least, even when soils were steril-
ized. We therefore suggest that the availability of
nutrients (that is, abiotic soil properties) was the
primary driver of growth differences among soils in
both experiments. This effect may have occurred in
Experiment 1 because there was more organic
material in pots with unburned soil that could be
mineralized and in Experiment 2 because the
sterilization of the soil released nutrients of NH,"
and PO,>". The higher PO, levels of sterilized
unburned soil in our greenhouse experiment may
also have contributed to higher uptake of NH,* by
seedlings. Blanes and others (2012) showed, al-
though in a field experiment, that when limitation
by P was alleviated, Abies pinsapo seedlings in-
creased their N uptake. Although we cannot com-
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Table 3. Results from Analysis of Variance Comparing the Main and Interactive Effects of Burn Severity
Class (BSC) and Plant Species (PS) on the Total, Aboveground and Belowground Biomass Including the Ratio

of Aboveground to Belowground Biomass.

df' Total biomass® Aboveground Belowground Aboveground/belowground*?
biomass® biomass®
F-value P-value  F-value P-value F-value P-value  F-value P-value
Burn severity 2,18 7.823 0.004 10.673 4.085 0.034 3.981 0.037
class (BSC)
Plant species (PS) 2, 36 7.900 < 0.001 6.050 9.512 < 0.001 3.071 0.059
BSC x PS 4,36 1.115 0.365 0.857 1.215 0.321 0.308 0.997

Seedlings of Picea abies, Pinus sylvestris and Betula pendula were grown on unsterilized soils from three burn severity classes, that is, from stands of high or low burn severity,

or from intact unburned stands.

Bold F- and P-values are significant at an alpha value of 0.05.
'Numerator degrees of freedom, denominator degrees of freedom.
2Data were transformed (log(x)) prior to analysis.

*The ratio of aboveground to belowground biomass.

pletely exclude the possibility that the responses to
soil abiotic conditions could also be because of
variation in soil physical properties across our
stands, we believe this effect to be minimal and
unlikely to vary much among our burn severity
treatments. As such, the field collected soil was
mixed with 1/3 autoclaved quartz sand to assure
water drainage in each pot and to minimize the
influence of variation of soil physical properties
across our stands.

In partial agreement with our second hypothesis,
we found that seedling growth was affected by
addition of live inoculum from stands of different
burn severities, but in a different way to what we
observed for live soil in the first experiment.
Specifically, for the two conifer species, we found
stronger positive seedling growth responses when
inoculum originated from low burn severity sites
than from either unburned or high burn severity
sites, pointing to the beneficial effects of a low
intensity of burning. A possible mechanism is that
soil microbes, including ectomycorrhizal fungi, can
survive when the organic layer is not completely
consumed in a low severity fire (Dahlberg 2002;
Holden and others 2016; Day and others 2019), as
opposed to in a high severity fire. Further, when
overstory trees survive a low severity fire, these
trees can maintain the symbiotic relationship with
the ectomycorrhizal community (Dahlberg 2002;
Pérez-Izquierdo and others 2019), which could al-
low new seedlings to easily develop new ectomy-
corrhizal networks after a low burn compared to
after a high burn severity fire. Fire may also induce
a functional shift in microbial community compo-
sition (Clemmensen and others 2015) toward taxa
that are more beneficial for seedling growth. For

example, Pérez-Izquierdo and others (2021)
showed that soils of burned stands, from the same
stands as those utilized in this study, were inhab-
ited by ectomycorrhizal species of the genera
Sphaerosporella and Laccaria that are known to be
fire-adapted and possibly having a higher affinity
for inorganic N (LeDuc and others 2013). It is
therefore possible that these or other fire-resistant
or fire-adapted ectomycorrhizal fungal species,
when transferred to the unburned soils, would
have benefitted seedlings by improving their access
to inorganic N from this soil. Alternatively, non-
mycorrhizal saprotrophs could also have con-
tributed to these effects. As such, our results sug-
gest that conifer tree seedlings are likely to be
constrained by the availability of beneficial root
associated soil biota (such as non-fire adapted
ectomycorrhizal species) or particular saprotrophic
microbes in sites that have experienced severe
wildfire but not where fire has been less intense
(Pérez-Izquierdo and others 2021). This could re-
sult in a slow post-fire recovery of important soil
biota, and the tree seedlings that depend on them.
Finally, soil inoculum from unburned soils had no
positive effect on seedling growth of any species in
our study. This inoculum is likely to host late-suc-
cessional ectomycorrhizal fungi such as Russula and
Cortinarius ~ (Pérez-I1zquierdo and others 2021)
important for mobilizing nutrients bound in or-
ganic matter complexes (Lindahl and Tunlid 2015).
When this inoculum was transplanted to burned
soils in the greenhouse, it is plausible that they
utilized host plants as their primary source of me-
tabolic C (Corréa and others 2011), and therefore
drainage of C of seedling origin could have con-
tributed to explain the lower biomass increment of



Soil Abiotic vs Biotic Factors on Trees Following Fire

~_
(-
~

Total biomass (g)

~
=2
-

Aboveground
biomass (g)

~
o
~

Belowground
biomass (g)

~
o
-

Above : Below

Species
P, abies P, sylvestris  B. pendula
1.54
A B B
b
1.0+
ab
b
0.5 ab
] ¢
1.5+
A B B
1.0
b
0.5+ b ab
a
0o L=
1.54
A B B
1.0+
b
0.54 ab
a
0.0 r=1=T= =r={"]
3.0
2.0+
1.0+ E‘ |
00 AL Dad sad
S G

00

&

Burn severity class

00

<«Figure 3. Mean =+ SE of total biomass (a), aboveground
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aboveground to belowground biomass (d) for tree
seedlings of Picea abies, Pinus sylvestris and Betula
pendula. Seedlings were grown on unsterilized soil
originating from stands differing in burn severity (that
is, high, low or unburned). Different capital letters above
bars indicate significant differences between plant species
across burn severity classes, and different lower case
letters indicate significant differences between burn
severity classes within species, according to Bonferroni
post hoc tests at P < 0.05. Corresponding ANOVA
results (F- and P-values) are reported in Table 3.

seedling grown in burned soils receiving unburned
inoculum.

Contrary to our expectations, the late-succes-
sional P. abies showed the strongest positive re-
sponse of all three species to soil inoculation
(because it responded significantly more to inocu-
lum from low severity burned stands than that
from both high burned and unburned stands), with
P. sylvestris showing an intermediate response, and
B. pendula showing no response. We expected P.
sylvestris to respond most strongly to soil burn
severity inoculum because of the dominance of this
species at our experimental sites, and because live
adult trees often facilitate growth of regenerating
tree seedlings of the same species (Jonsson and
others 1999; Andivia and others 2018), in part
through shared ectomycorrhizal connections.
However, it is recognized that ectomycorrhizal
communities associated with P. abies and P. sylvestris
partially overlap (Menkis and others 2005), which
could explain why seedlings of both conifers (but
not B. pendula) responded positively to the low
burn severity inoculum class relative to at least
some of the other inoculum treatments. Our find-
ing that P. abies and P. sylvestris do not perform well
on highly burned soils in the absence of a live
community of microorganisms may explain
regeneration of conifers is sometimes disfavored
following fire in Swedish forests (Elfving 1983;
Kardell and Laestadius 1987). Unlike the two
conifer species, B. pendula never responded to soil
inoculation treatments. B. pendula is a fast-colo-
nizing species on fire disturbed areas (Hellberg and
others 2003; Gustafsson and others 2019), and its
post-fire abundance has often been interpreted in
terms of it being a good resource competitor
(Dehlin and others 2004) that is effective at
exploiting initial elevated levels of inorganic N
resulting from fire disturbance (Gundale and others
2005). Findings from our study suggest B. pendula
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Table 4. Results from Analysis of Variance Comparing the Main and Interactive Effects of Burn Severity
Class (BSC), Burn Severity Inoculum Class (IC) and Plant Species (PS) on the Total, Aboveground and
Belowground Tree Seedling Biomass, and the Ratio of Aboveground to Belowground Seedling Biomass.

df! Total biomass? Aboveground Belowground Aboveground/belowground*?
biomass” biomass”
F-value P-value F-value P-value F-value P-value F-value P-value
Burn severity 2, 66 50.402 < 0.001 58.972 < 0.001 38.331 < 0.001 27.900 < 0.001
class (BSC)
Burn severity
inoculum 3, 66 2.993 0.037 3.534 0.019 2.002 0.122 3.134 0.031
class (IC)
Plant species 2,144 189.502 < 0.001 165.750 < 0.001 198.825 < 0.001 23.050 < 0.001
(PS)
BSC x IC 6, 66 1.331 0.256 1.235 0.300 1.362 0.243 0.174 0.983
BSC x PS 4, 144 3.092 0.018 1.717 0.149 4.878 0.001  3.390 0.011
IC x PS 6, 144 1.189 0.087 2.703 0.016 0.990 0.434 2.701 0.016
BSC x IC x PS 12, 144 1.469 0.142 1.941 0.034 1.167 0.312 2.883 0.001
Block 12, 66 4.400 0.006 3.620 0.004 2.849 0.016 1.972 0.082

Bold F- and P-values are significant at an alpha value of 0.05. Seedlings of Picea abies, Pinus sylvestris and Betula pendula were grown on sterilized (gamma irradiated) soils
from three burn severity classes, that is, from stands with high or low burn severity, or, from unburned stands. In order to separate effects of abiotic drivers (burn severity) and
biotic drivers (soil biota) on seedling growth, all sterilized soils were reinoculated with live soil from different classes (that is, stands with high burn severity, low burn severity

or unburned) or with sterile soil.

! Numerator degrees of freedom, denominator degrees of freedont.
?Data were transformed (log(x)) prior to analysis.

>The ratio of aboveground to belowground biomass.

seedlings responded strongly to conditions of ele-
vated nutrients and appeared less dependent than
the conifers on ectomycorrhizal associations or
other microorganisms for nutrient uptake during
their establishment phase. However, this warrants
further exploration given that mycorrhizal fungi
have previously been shown to influence growth of
B. pendula seedlings in boreal forests (Jonsson and
others 2001). Deciduous trees such as B. pendula are
expected to become more dominant in the forested
landscape if climate warming increases and higher
burn severity conditions prevail (Mekonnen and
others 2019; Mack and others 2021). Our study
suggests that this is mainly because Betula pendula
seedlings are largely unresponsive to live soil biota
and are therefore positioned to perform well di-
rectly after a fire in high burn severity sites even
when the soil biota has been lost. B. pendula may
not be disfavored from the absence of soil biota to
the same extent as P. sylvestris and P. abies may be.

CONCLUSIONS

In this study we disentangled the effect of soil
abiotic and biotic properties on tree seedling per-
formance following wildfire to evaluate the effect
of fire disturbance on the regeneration of boreal
forests and shed light on the underlying mecha-

nisms. Our results have several implications. First,
they highlight that regeneration of B. pendula is
unresponsive to changes in soil biota and is instead
mostly driven by changes in abiotic soil properties.
In contrast, both P. abies and P. sylvestris were
responsive to soil biota from low burn severity soil
relative to biota from the other soils; this demon-
strates that low severity fire disturbances in part
benefit post-fire regeneration of conifers due to the
presence of specific soil biota that benefit from low
burn severity fire. However, all seedlings responded
positively when soil nutrients were elevated and
grew well in the absence of biota, suggesting that
soil nutrient conditions following fire would likely
have an overriding importance for the regeneration
success of all species shortly after fire. Second,
studies such as ours can inform on strategic post-
fire management decisions that involve restoration
or assisted forest regeneration. When low burn
severity fires occur, including during management
procedures that incorporate prescribed burning
prior to forest replanting, there is a need to consider
its consequences for soil biota and how this biota in
turn impacts on conifer seedling growth and
regeneration. Finally, our work provides evidence
of the relative importance of biotic and abiotic
drivers of tree seedling regeneration following fire
disturbance, and how these drivers are in turn
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<«Figure 4. Mean = SE of total biomass (a, e),
aboveground biomass (b, f), belowground biomass (c,
g), ratio of aboveground to belowground biomass (d, h)
for tree seedlings of Picea abies, Pinus sylvestris and Betula
pendula. Seedlings were grown on sterilized (gamma
irradiated) soil, originating from stands differing in burn
severity (that is, high, low and unburned), and with the
sterilized soil then reinoculated with live soil from stands
differing in burn severity (high, low and unburned) or
with sterile soil. Different capital letters above bar groups
indicate significant differences between plant species
across burn severity inoculum class treatments, and small
letters within bar groups indicate significant differences
for burn severity classes (a-d) or burn severity inoculum
class treatments (e-h) according to Bonferroni post hoc
testsat P < 0.05. Corresponding ANOVA results (F- and
P-values) are reported in Table 4.

impacted by burn severity. Understanding how
burn severity impacts the interplay of these abiotic
and biotic soil factors is of particular importance in
understanding the mechanisms by which future
climate change may influence forest regeneration,
given that climate warming is expected to lead to
both more frequent and more severe fires in the
boreal region. As climate warming is being
accompanied by novel fire behavior regimes, there
is a growing need to further understand the role
played by both soil abiotic factors and the soil
microbial community in promoting early seedling
establishment under different fire scenarios.
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Figure S1. Forest stands plot from Principal Component Analysis (PCA), showing the scores
for the two components (PC1 and PC2) describing data of burn severity of each of 25 forest
stands. Data collected in the Véastmanland burn area (N 59° 53’ 51" N, 16° 8' 19" E). The first
and second PCA axes explain 39.4% and 22.0% of the total variation of the data set. Groups of
seven stands encircled are selected as high or low burn severity stands by K-mean clustering.
The number next to each point refers to the identification of each stand. The burn severity

variables and factor loadings in the PCA are presented in Table S1.



Table S1. Factor loadings of the burn severity variables for the two primary principal
components (PC1 and PC2) in the PCA depicted in Fig. S1. For each row the bold number
indicates the principal component to which it is most strongly aligned. The applied rotation

method was Varimax with Kaiser Normalization, and the rotation was converged in three

iterations.

Burn severity variable PC1 PC2

Tree mortality 0.930 0.237
Flame height 0.701 0.584
Stem scorched 0.248 0.730
Crown scorched 0.908 0.257
Humus depth 0.359 -0.761
Depth of charred soil -0.013 -0.765
Coarse charcoal on surface -0.547 0.210
Fine charcoal on surface -0.183 0.091
Variation explained (%) 39.4 22.0

Accumulated variation explained (%) 61.5




Table S2. Total carbon (C) (g C per g dry mass), nitrogen (N) (g N per g dry mass),
carbon:nitrogen ratio (C:N) and total Kjeldahl phosphorous (P) (%) in soils from forest stands
of different burn severity classes. Mean + SE. Analyses of variance (ANOVA) for mineral soil

and independent t-test for organic layer. Alpha value of 0.05.

Burn severity class of forest stand

Nutrient df! High Low Unburned  Fvalue P-value

Mineral soil?

C 2,18 4.00+0.52 422+055  8.07+2.01 3393  0.056
N 2,18 0.14+0.02  0.14+£0.02  027+0.09  2.043  0.159
C:N 2,18 2925+090 30.79+1.04 3273+1.73 1.878  0.182
P 2,18 0.03+0.004 0.04+001  0.13+0.09 1.112 0351

Organic layer’

c 819 - 24.66+1.53 32.16+3.46 6735  0.082
N 11 - 0.83+0.07  098+0.09 038 0239
C:N 11 - 30.06+1.43 32.78+1.59 0335 0235
P 12 - 0.05+0.002 0.09+0.02 4288  0.180

"Numerator degrees of freedom, denominator degrees of freedom for ANOVA and degrees of
freedom for independent t-test.
2 Analyses of variance (ANOVA)

3Indepentent t-test
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Abstract

The extreme 2018 hot drought that affected central and northern Europe led to
the worst wildfire season in Sweden in over a century. The Ljusdal fire complex, the
largest area burnt that year (8995 ha), offered a rare opportunity to quantify the
combined impacts of wildfire and post-fire management on Scandinavian boreal for-
ests. We present chamber measurements of soil CO, and CH, fluxes, soil microcli-
mate and nutrient content from five Pinus sylvestris sites for the first growing season
after the fire. We analysed the effects of three factors on forest soils: burn severity,
salvage-logging and stand age. None of these caused significant differences in soil
CH,, uptake. Soil respiration, however, declined significantly after a high-severity fire
(complete tree mortality) but not after a low-severity fire (no tree mortality), despite
substantial losses of the organic layer. Tree root respiration is thus key in determining
post-fire soil CO, emissions and may benefit, along with heterotrophic respiration,
from the nutrient pulse after a low-severity fire. Salvage-logging after a high-severity
fire had no significant effects on soil carbon fluxes, microclimate or nutrient content
compared with leaving the dead trees standing, although differences are expected
to emerge in the long term. In contrast, the impact of stand age was substantial: a
young burnt stand experienced more extreme microclimate, lower soil nutrient sup-
ply and significantly lower soil respiration than a mature burnt stand, due to a thinner
organic layer and the decade-long effects of a previous clear-cut and soil scarification.
Disturbance history and burn severity are, therefore, important factors for predicting
changes in the boreal forest carbon sink after wildfires. The presented short-term ef-
fects and ongoing monitoring will provide essential information for sustainable man-
agement strategies in response to the increasing risk of wildfire.

KEYWORDS
2018 drought, boreal forest, carbon fluxes, climate change, compound disturbance, forest fire,
forest floor, harvesting, salvage-logging
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1 | INTRODUCTION

Wildfire is the main natural disturbance in boreal forests, and it
influences the structure, diversity and carbon and energy balance
of these ecosystems (Bond-Lamberty et al., 2007; De Groot et al.,
2013; Zackrisson, 1977). The boreal region is a globally important
store of carbon, accounting for approximately 20% of the carbon
in terrestrial ecosystems, most of which is stored underground in
organic soils (Bradshaw & Warkentin, 2015; IPCC, 2013). Wildfire
directly impacts carbon stocks by consuming vegetation and soil
organic matter (SOM; Bond-Lamberty et al., 2007; Walker et al.,
2018). It also changes the abiotic environment (e.g. soil temperature
and moisture availability) and the quantity and quality of available
soil nutrients and organic matter (Certini, 2005; Santin et al., 2016).
All of these fire-induced changes affect soil microbial activity and
plant growth, which in turn control the exchange of carbon between
the ecosystem and the atmosphere. As a result, the fluxes of two
major greenhouse gases, carbon dioxide (CO,) and methane (CH,),
are altered in the months to years following fire, which affects the
ability of a forest to act as a greenhouse gas sink. To understand the
mechanisms driving post-fire greenhouse gas exchange, it is crucial
to measure soil microclimate, nutrient availability and greenhouse
gas fluxes in situ after a fire.

There are several factors that influence the specific impacts of
wildfire on forest ecosystems, including burn severity, pre- and post-
fire forest management practices such as salvage-logging and stand
age. Burn severity, which is related to the amount of vegetation
and/or SOM consumed by fire (Keeley, 2009), affects the magni-
tude of the changes in soil carbon fluxes, microclimate and nutrient
availability after fire. Autotrophic respiration declines with increas-
ing burn severity due to increasing vegetation mortality and conse-
quent reductions in root biomass and respiration (Hu et al., 2017).
Heterotrophic respiration also declines with increasing burn severity
due to larger losses of microbial biomass (Dooley & Treseder, 2012).
Some microbial taxa are particularly vulnerable to high-severity fire
because tree mortality stops the input of labile carbon to microbial
communities via tree roots (Day et al., 2019; Pérez-Izquierdo et al.,
2020). Soil temperature can increase after fire, especially after a high-
severity fire, due to the removal of canopy shading, reductions in or-
ganic layer thickness and decreased surface albedo (Certini, 2005).
Although higher soil temperatures generally stimulate decomposi-
tion, as a result of reductions in vegetation and microbial biomass,
post-fire soil CO, fluxes may not respond to increases in soil tempera-
ture in the same way as unburnt soil (Allison et al., 2010; Waldrop &
Harden, 2008). Little work has assessed the effect of burn severity on
soil CH, fluxes in boreal regions, but Morishita et al. (2015) suggested
that increased CH, uptake after a high-severity fire (compared with a
low-severity fire) was due to higher soil temperatures.

In terms of soil nutrient availability, changes in the composition
of SOM depend on the temperature reached in the soil and heating
duration during a fire. The increasing loss of SOM at higher burn
severities can reduce microbial activity and soil CO, fluxes (Ludwig
etal.,, 2018; Santin et al., 2016). On the other hand, high combustion

temperatures can increase bioavailable forms of nitrogen and phos-
phorus after fire, which can stimulate microbial activity and plant
growth (Certini, 2005; Hégberg et al., 2001; Lagerstrom et al., 2009).

Salvage-logging is a common management practice in many re-
gions with commercial forestry and has recently emerged as the pre-
vailing method after wildfires in Sweden. Harvesting stands affected
by a disturbance allows for the retrieval of useable wood (if any) and
replanting, increases safety and can reduce the risk of beetle or fun-
gal attack or fire. However, salvage-logging is controversial because
it can negatively impact many aspects of forest ecology (Lindenmayer
et al., 2004). For example, dead trees and burnt wood can provide an
important source of nutrients that are lost when trees are removed
from a site (Maraiion-Jiménez et al., 2013). In addition, salvage-
logging has been shown to increase soil temperature and reduce soil
moisture availability, which may make conditions less favourable for
seedling establishment (Marcolin et al., 2019). Despite the prevalence
of this management practice, there have been few assessments of the
impact of salvage-logging on post-fire soil carbon fluxes. In the hemi-
boreal pine forests of Estonia, Parro et al. (2019) found no effect of
salvage-logging on soil CO, emission measured 5-21 years after wild-
fire. To our knowledge, the impact of salvage-logging on boreal soil
CH,, fluxes has not yet been quantified.

Another key factor determining the influence of fire on a for-
est ecosystem is stand age. Young stands have smaller aboveground
carbon stocks than mature stands, which limits the amount of car-
bon lost during fire (Dieleman et al., 2020). However, young stands
may also lose a larger proportion of the soil organic layer during
combustion, compared with mature stands that have had time to ac-
cumulate a thicker organic layer between disturbances (Hoy et al.,
2016; Walker et al., 2019). Differences in the depth of the organic
layer after a fire could lead to differences in the soil carbon fluxes
and microclimate between young and mature stands because the
organic layer contains substrate for heterotrophic decomposition
and regulates soil temperature and moisture content (Kasischke &
Johnstone, 2005). Furthermore, it is important to consider not only
the direct impacts of fire but also the amount of time since a previ-
ous disturbance. In particular, soil nutrient availability may decrease
for multiple decades after a disturbance such as clear-cutting or
wildfire, with more negative effects for sites affected by multiple
disturbances (Bowd et al., 2019). Therefore, accounting for the im-
pacts of stand age and disturbance history is vital in regions such as
Scandinavia where the majority of forests are used for commercial
wood production (KSLA, 2015; LUKE, 2018).

The summer of 2018 created a unique opportunity to study the
impacts of wildfire and the factors discussed above on forest soils in
a Scandinavian context. Sweden experienced extremely warm and
dry weather conditions, which led to the worst wildfire season in
the last 140 years (SOU, 2019). Across the whole country, 25,000 ha
of forest burned in 2018, which is an area 10 times larger than the
national annual average between 2000 and 2017 (SOU, 2019). The
largest area burnt that year was the Ljusdal fire complex (see Section
2.1 for more details). We established five sites within this area that
differed in terms of burn severity, salvage-logging (salvage-logged
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and unlogged) and stand maturity. In this study, we assessed the im-
pacts of these three factors on forest soil greenhouse gas fluxes,
microclimate and nutrient availability during the first growing season
after the fire.

2 | METHODS

2.1 | Study area and the Ljusdal fire complex

The study area was located in central Sweden (61°56'N, 15°28’E),
220 m a.s.l. in the municipality of Ljusdal (Figure 1a). Ljusdal was one
of the areas worst affected by the 2018 wildfire season, where five
fires accounted for 38% of the total burnt area across the country that
season (Ljusdals kommun, 2018). On July 14, lightning strikes started
two forest fires on either side of the Laforsen dam (Figure 1b,c). The
fires were spread by wind, causing three new areas to ignite, al-
though two were quickly put out, leaving three main forest fires that
we here call the ‘Ljusdal fire complex’ (Figure 1b,c). The fire com-
plex burned 8995 ha and took 21 days to be contained. It included
a range of fire severities: some areas were burnt by high-intensity
crowning fire, but the majority by low- to moderate-intensity fire,
affecting only surface fuels and lower branches. Surface rather than
crowning fire behaviour is typical in the Eurasian boreal forest (De
Groot, Cantin, et al., 2013; Sitnov & Mokhov, 2018). Due to effective
fire prevention and climatic conditions during the last 200 years, the
annual area of forest burnt by wildfire in Sweden has been relatively
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low (a few thousand hectares), making the Ljusdal fire one of the
largest of the last century (Drobyshev et al., 2015; SOU, 2019).

For the present study, we established five sites in 2019 in the
southern part of the Ljusdal fire complex by the Laforsen dam
(Figures 1d,e and 2). The study area was located in a wide and flat
valley floor, with glaciofluvial and moraine deposits underlying the
soil. The dominant forest tree species was pine (Pinus sylvestris), with
smaller areas of spruce (Picea abies) and birch (Betula sp). The forest
structure in our study area - small stands of different ages - is typical
for Sweden, where 48% of the productive forest is owned by private
individuals (with a mean plot size of ~50 ha; Skogsstyrelsen, 2018).
The mean annual air temperature and total precipitation during
the climate normal period 1991-2020 were 2.7°C and 648 mm, re-
spectively, as recorded by the nearest national monitoring station
(Ytterhogdal 263 m a.s.l., 40 km northwest of the site). In 2019, when
our measurements were conducted, the mean annual air tempera-

ture and total precipitation were 3.3°C and 793 mm, respectively.

2.2 | Site descriptions

The five sites were located in an area <1 km?, in Pinus sylvestris stands
on poor, sandy soils (Figures 1d,e and 2; Table 1). To assess the impact
of burn severity, we compared three sites: an area burnt by a high-
severity fire (HM), another burnt by a low-severity fire (LM) and an
unburnt site (UM). Burn severity was classified as either 100% tree
mortality (high severity; scorching of tree canopies) or nearly 100%

FIGURE 1 (a) Star represents the location of the study area within Sweden (61°56'N, 15°28'E), (b) RGB satellite image from before

the Ljusdal fire (July 2018) and (c) 1 year after in August 2019, the fire perimeter is outlined in yellow (d, e) false colour composite aerial
photos of the sites from before the fire (August 2017) and after (September 2019) the fire and subsequent salvage-logging (at site SHM
only), respectively. In (d, e) red and dark red colours represent living vegetation whilst blue colours represent bare soil, dead vegetation and
asphalt. The perimeter of each site is outlined, as are the transects where the soil flux measurements were conducted. Site names: Unburnt
Mature (UM), High severity Mature (HM), Low severity Mature (LM), Salvage-logged High severity Mature (SHM) and High severity Young
(HY). Data sources: (a, d, ) © Lantmaéteriet; (b, c) Sentinel-2 (European Space Agency) and © Skogsstyrelsen
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FIGURE 2 Photos of the five sites, showing the effects of the fire on the soil and trees

TABLE 1 Post-fire site description

Site

Description HM SHM HY LM UM
Site name High severity Salvage-logged High High severity Low severity Mature ~ Unburnt

Mature severity Mature Young Mature
Burn severity High High High Low No fire
Post-fire management Standing burnt Salvage-logged Standing burnt Standing burnt trees  None

trees 5 months after trees

fire

Charred organic layer depth (mm) 10+ 0 9+1 8+1 8+1 NA
Total organic layer depth (mm) 25+1 23+2 12+1 37+2 149 +4
Forest floor biomass (kg m'z) 1.77 2.24 1.33 241 3.34
Forest floor biomass loss (kg m2) 1.57 1.10 Not known 0.93 0
Forest floor C loss (kg m?) 0.80 0.69 Not known 0.43 0
Tree height (m) 174 +0.5 — 29+0.3 19.3+0.5 15.3+04
DBH (cm) 201 = 4+1 24+2 20+1
Tree charring height (m) 3.8+04 — 2.8+0.1 21+0.2 0
Trees ha™® 594 - 984 484 688
Tree age in 2018 (years) ~100 73 10 ~70 ~60

Note: The total organic layer depth includes the thickness of the charred layer at the burnt sites. Uncertainties are described as +SE.

Abbreviation: DBH, Diameter at Breast Height.

tree survival (low severity; tree canopy intact) one year after the fire.
In 2019, the HM tree crowns still held burnt needles, whereas the
LM tree crowns showed signs of needle regrowth. At the unburnt
site (UM), the forest floor was covered by a dense layer of mosses
and lichens (Cladonia spp., Pleurozium schreberi, Cetraria sp. and
Dicranum sp.) and vascular plants (Vaccinium vitis-idaea, V. myrtillus,
V. uliginosum, Calluna vulgaris, Empetrum nigrum, Arctostaphylos uva-
ursi and Avenella flexuosa). At the burnt sites, the ground vegetation
had been completely consumed by the fire. During the 2019 growing
season, minor areas of Vaccinium vitis-idaea regrowth and some fungi
fruiting bodies were visible. To assess the impact of salvage-logging,
we compared two sites (both burnt at high severity), where one had
been salvage-logged (SHM) in December 2018 (5 months after the
fire), and at the other, the dead trees had been left standing (HM).
No ground preparation was undertaken after the salvage-logging,

and we did not observe any soil compaction from the heavy ma-
chinery used for the logging. Finally, to assess the impact of stand
maturity, we compared two sites (both burnt at high severity), where
one stand was 10 years old (HY) and the other was ~100 years old
(HM) at the time of the fire. The HY site had been clear-cut, which
was followed by soil scarification and seeding in 2006 (i.e. 12 years
before the fire).

Table 1 describes the sites and includes tree and soil character-
istics, which were measured 1-2 years after the fire. Tree age was
determined using forest inventories where available and otherwise
tree rings. The soil measurements (charred and organic layer depth
and biomass loads and loss) are described in Section 2.4. We note
that some combinations of site characteristics (e.g. young salvage-
logged or low-severity salvage-logged) were not present in our
study area.
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2.3 | Soil CO, and CH, flux measurements

We conducted manual dark chamber CO, (i.e. respiration) and
CH, flux measurements of the soil and ground vegetation (the lat-
ter was only present at UM), which we refer to as ‘soil fluxes’. In May
2019, 10 collars (circular, galvanized steel, 16 cm diameter, 10 cm
depth) were placed along one or two transects at 10 m intervals at
each of the five sites (see Figure 1d,e; Figure S1 for more details). The
measurements were conducted in monthly campaigns between June
and September 2019 (i.e. 1 year after the wildfire). For each campaign,
2-4 days with similar weather conditions were selected, and measure-
ments started (ended) at least 2 h after (before) sunrise (sunset). We
conducted a total of 200 measurements (40 per site) each for CO,
and CH,. Immediately after each flux measurement, we also measured
soil temperature two times at three depths (1, 2 and 5 cm; handheld
electronic thermometer HI98501 Hanna Instruments Ltd), and the
volumetric soil water content (SWC) integrated over 0-5 cm depth
(SM300 sensor and HH2 logger, Delta-T Devices Ltd) six times within
10 cm of each collar (i.e. outside the area covered by the chamber). The
SWC measurements were converted to %vol based on the proportion
of mineral or organic soil (using the total organic layer depth measure-
ments in Table 1) in the top 5 cm of the soil.

The manual chamber measurements followed standard proce-
dures (cf. Livingston & Hutchinson, 1995). A static chamber (16 cm
diameter, 0.0045 m® volume) was connected to an Ultra-portable
Greenhouse Gas Analyzer (UGGA,; Los Gatos Research, Inc.) to mea-
sure CO, and CH,, concentration at 1 Hz during a 5 min chamber clo-
sure time. To convert the concentration measurements to fluxes, the
slope of the linear regression of concentration over time (150 s dura-
tion) with the highest R?(>0.8 for CO, and >0.25 for CH,, to avoid ex-
cluding low fluxes), and where p < 0.001 and Normalized Root Mean
Square Error (NRMSE, normalized using the range of the measured
values) <0.2, was selected. The slope and soil temperature for each
collar and air pressure measurements from a nearby national monitor-
ing station were used as inputs to the ideal gas law (see Supplementary
Information for more details about the flux data processing). Although
the observed CH, fluxes were low, they were above the minimum flux
detection limit (0.0005 umol m™2 s™%) of the UGGA for a chamber of
our size (Sundqvist et al., 2014). As a result, we had a total of 199 CO,
and 198 CH,, flux measurements for our analysis.

2.4 | Soil sampling and laboratory chemical analysis
In May 2019, two 30-m parallel transects (Walker et al., 2018) for
soil sampling and chemical analysis were established at the centre of
each site to avoid border effects, but sufficiently far away (5-20 m)
from the collar transects to avoid disturbing the gas flux measure-
ments (see Figure S1). Every 2 m along both sides of each transect,
the depths of the charred organic layer and the total organic layer
(charred + uncharred) were measured, producing a total of 60 meas-
urements per layer per site. At every 3 m, the entire organic layer
was collected using a 20 cm x 20 cm sampling square. In addition, the
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first 2 cm of the mineral soil below the organic layer was sampled.
This resulted in 20 samples of the organic and mineral layers at each
site. The samples were taken to the laboratory and oven-dried at a
low temperature (40-45°C) until reaching a constant weight. Each
of the organic layer samples was weighed for forest floor biomass
estimations (Figure S1). The forest floor biomass loss was estimated
for the HM, LM and SHM sites by calculating the difference between
the mean biomass remaining at these sites compared with the UM
site. Biomass loss could not be estimated for HY because there was
no similar young, unburnt site with which to compare it with.

For the chemical analysis, four composite samples for each site
were produced by pooling five soil samples from each transect
(Figure S1). All samples were sieved (<2 mm) and homogenized, and
a subsample was ground for further analysis. The total carbon (C)
and nitrogen (N) concentrations were analysed using a total com-
bustion analyser (TruSpec CHN Elemental Analyzer, LECO). The total
phosphorous (P) concentrations were measured by colorimetry in a
V360 spectrophotometer (JASCO) after acid digestion (U.S. EPA,
2007). The pH and electrical conductivity (EC) were also measured
(sample:water ratio of 1:20; using a micropH 2000 meter and a GLP
31 meter, respectively, CRISON Instruments, S. A.).

For determination of water-soluble C, P, ammonium (NH,) and
nitrate (NO;), the extracts were produced according to Ghani et al.
(2003). The leachate was then used to measure water-soluble C and
P (by colorimetry in a V360 spectrophotometer, JASCO), NH, (by
ion-selective electrode) and NO, (ion chromatography). Bioavailable
P was determined by the Mehlich 3 method (Mehlich, 1984) and
measured by colorimetry.

To calculate the effective cation exchange capacity (ECEC), Ca?,
Mg?, K*, Na* and AI** concentrations were analysed using a Flame
Atomic Absorption Spectrometer (PinAAcle 500, PerkinElmer) fol-
lowing the method by Helmke and Sparks (1996). The concentrations
of these cations were then used to calculate the ECEC as follows:
ECEC = (Ca + Mg + K + Na) + Al.

2.5 | Data analysis

We divided the sites into three groups and conducted separate sta-
tistical analyses to assess the effects of (a) burn severity, compar-
ing UM (no fire), LM (low-severity fire) and HM (high-severity fire);
(b) salvage-logging, comparing HM (unlogged) and SHM (salvage-
logged); and (c) stand maturity, comparing HM (~100 years old) and
HY (10 years old); on the soil nutrient availability, microclimate and
soil CO, and CH,, fluxes at each site.

Soil nutrient availability was analysed by plotting the mean and
standard error (SE) of the composite soil samples (4 per site) of all
chemical properties tested for each site (total C, total N, C:N ratio,
water-soluble C, NH,, NO,, water-soluble P, bioavailable P, total P,
ECEC, pH and EC) in the organic and mineral layers.

We also tested for significant differences in the soil temperature
(2 cm depth) and SWC between the sites in each group. All data were
tested for normality and equal variances using the Shapiro-Wilk test
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and Levene's test, respectively. Log and square-root transformations
were used if data did not meet assumptions of normality and/or
were heteroscedastic. Depending on the outcomes of these two
tests and the number of sites being compared, we used a one-way
analysis of variance (ANOVA), Welch ANOVA, two-sample t-test or
Wilcoxon rank sum test.

The soil CO, and CH, fluxes were analysed by fitting six linear
mixed-effects models (one per group and gas flux) using the R pack-
age Ime4 (R version 3.6.2; Bates et al., 2015; R Core Team, 2019).
The fixed-effects estimates and pseudo-R? values (calculated ac-
cording to Nakagawa & Schielzeth, 2013) are available in Table S1.
All the fitted models met assumptions concerning normally distrib-
uted residuals, homoscedasticity and linearity. The CO, flux data
were log transformed to satisfy assumptions of normality but this
was not required for the CH, flux data. Site and soil temperature
were used as fixed effects because our aim was to investigate dif-
ferences in the fluxes between sites, and we wanted to control for
the effects of soil temperature on the gas fluxes. Soil temperature
at 2 cm depth was selected because the data were normally distrib-
uted, and this depth was within the soil organic layer at most of the
sites. Collar ID (nested within site) was used as a random effect to
account for the multiple measurements conducted on each collar.
As SWC was correlated to soil temperature (r = -0.69 across all
sites), we did not include SWC in the models. Significant differences
between the site CO, or CH, fluxes (when soil temperature = site
mean temperature) within each model were tested using ANOVAs
with soil temperature as a continuous variable (Type Il test for un-
balanced data, Kenward-Roger method for calculating denomina-
tor degrees of freedom), followed by Tukey's post hoc tests. Since
the ANOVAs tested for significant differences between the sites
at the y-intercept (i.e. where soil temperature = 0°C), we centred
the soil temperature data using the site means to ensure that the
ANOVAs were conducted at an ecologically relevant temperature
(rather than an extrapolation of the site gas fluxes at 0°C). We also
checked whether the interaction between site and soil temperature
was significant for each of the models, and it was only included if
it was significant. To interpret the interaction effects between site
and soil temperature, we plotted linear regressions (not the mixed-
effects models discussed above) of the gas fluxes against soil tem-
perature (2 cm depth) at each site. Interaction effects will be visible
as non-parallel regression lines. In addition, linear regressions of
the gas fluxes against SWC were plotted to examine the moisture
sensitivity of the CO, and CH,, fluxes at each site (see Figure S2).

3 | RESULTS

3.1 | Effects of burn severity on soil nutrients,
microclimate and carbon fluxes

We compared the soil nutrient availability, microclimate and green-
house gas fluxes between the high-severity fire site (HM), the
low-severity fire site (LM) and the unburnt site (UM). All sites were

mature stands at the time of the fire, and the trees were left stand-
ing after the fire (Table 1). The fire combusted a substantial portion
of the organic layer at HM and LM (Table 1). The mean (+SE) total
organic layer depth was 25 + 1 mm and 37 £ 2 mm at HM and LM,
respectively, indicating that the fire was more severe at HM than
LM but not severe enough to remove the entire organic layer (UM:
149 + 4 mm). The charred layer was similarly thick at both burnt sites
(10 £ 4 mm at HM and 8 + 1 mm at LM).

Soil nutrient concentrations in the organic layer, in particular
C (total and water-soluble), total N, NH,™ and P (water-soluble and
bioavailable), were lower at HM than LM (Figure 3a,b,d,e,g,h). NO,~
concentrations at LM (10.8 + 0.7 mg kg ™) were much higher than at
any other site (4.3-6.7 mg kg; Table 52). Both burnt sites had lower
water-soluble C but higher bioavailable and total P concentrations
than at UM (Figure 3d,h,i). For a full description of the soil nutrient
content results (including those for the mineral soil layer), see Table
S2 and Figure S3.

In terms of site microclimate, mean soil temperature was sig-
nificantly higher at HM than UM, but there were no significant
differences between HM-LM or LM-UM (note that the results
should be treated with caution as the data were not normally
distributed; Welch ANOVA and Games-Howell post hoc test,
F(2,75) = 4.41, p = 0.02; Figure 4a). There were no significant dif-
ferences in SWC between any of the sites, although UM had a
larger range of SWC and a maximum SWC >11%vol higher than
at the two burnt sites (Figure 4d). Monthly disaggregation of the
SWC data showed that SWC was higher at UM than either of the
burnt sites at the start and end of the growing season but that all
the sites had similarly low SWC during the middle of the growing
season (Figure S4).

The mean (+SE) soil CO, fluxes were significantly lower
at HM (1.4 + 0.1 pmol m? s!) compared with both LM
(2.3+0.2 umol m? s and UM (2.3 + 0.1 umol m2 s7%; Figure 5a
and Table 2). We note that these differences are not due to differ-
ences in the soil temperature between the sites as these effects
were accounted for in the mixed-effects model. LM had higher
(more negative) mean CH, uptake (-1.4 £ 0.1 x 107° pmol m2 s
compared with HM and UM (both 1.1 + 0.1 x 10~ umol m™ s™%;
Figure 5d), although the difference was not significant. In both the
CO, and the CH, models, soil temperature (2 cm depth) had a signif-
icant effect on the fluxes (Table 2), and Figure 6a,b show increasing
CO, emissions and CH, uptake with increasing soil temperature.
In addition, the interaction effect between site and soil tempera-
ture was significant in the CH, model: CH, uptake increased more
strongly with increasing soil temperature at UM compared with LM
or HM (Table 2; Figure 6b).

3.2 | Effects of salvage-logging on soil nutrients,
microclimate and carbon fluxes

The salvage-logged site (SHM) and the unlogged site where the
dead trees had been left standing (HM) had comparable total
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FIGURE 3 Mean + SE of the soil chemical properties in the organic layer (mean of 4 composite samples) at all sites measured in May 2019.
(a) total C content (b) total N content (c) C:N ratio (d) water-soluble C concentration (e) NH, concentration (f) NO; concentration (g) water-
soluble P concentration (h) bioavailable P concentration (i) total P concentration (j) effective cation exchange capacity (k) pH (I) electrical
conductivity. Site names: HM = High severity Mature, SHM = Salvage-logged High severity Mature, HY = High severity Young, LM = Low

severity Mature and UM = Unburnt Mature

organic layer depth (mean = SE: 23 + 2 mm and 25 = 1 mm,
respectively) and charred organic layer depth (9 £+ 1 mm and
10 = O mm, respectively) after the high-severity fire (Table 1).
There were only small differences in soil nutrient concentrations
between the sites (Figure 3; Figure S3; Table S2). SHM had lower
total C, C:N, NH,, NO4, total P and ECEC, but higher bioavailable
P and total N in the organic layer compared with HM (Figure 3a-
c,e,f,h-j; Table S2).

SHM experienced a larger soil temperature range and a
maximum soil temperature 4°C higher than at HM (Figure 4b).
However, neither median soil temperature (2 cm depth) nor
mean SWC was significantly different between SHM and HM
(Figure 4b,e). The sites also showed similar seasonal trends for
both variables (Figure S4).

Furthermore, neither the mean soil CO, fluxes (1.3 + 0.1

umolm?stand 1.4+ 0.1 umol m™2s ' at SHM and HM, respectively)
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fluxes between the sites (Tukey's post hoc test, p < 0.05). The corresponding ANOVA results are reported in Table 2. Site names: HM = High
severity Mature, LM = Low severity Mature, UM = Unburnt Mature, SHM = Salvage-logged High severity Mature and HY = High severity

Young

nor the mean CH, fluxes (-1.2 + 0.1 x 107> pmol m™2 s and
-1.1 + 0.1 1072 pmol m2 st at SHM and HM, respectively) were
significantly different between the two sites (Figure 5b,e; Table 2).
These results were confirmed in the monthly flux time series (Figure
S5). Both gas fluxes were significantly affected by soil temperature,
but there was no significant interaction effect between site and soil
temperature (Table 2). The relationship between the fluxes and SWC
was also similar at both sites (Figure S2).

3.3 | Effects of stand maturity on soil nutrients,
microclimate and carbon fluxes

Two sites were compared that differed in terms of stand age at
the time of the fire: 10 years old (HY) versus ~100 years old (HM).
Although we cannot be certain that the fire behaviour was directly
comparable at the two sites (due to potential differences in pre-fire
biomass or other factors), the charred organic layer was of similar
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TABLE 2 Results of the ANOVAs on the mixed-effects models (one per group and gas flux), testing the effects of site and soil
temperature (at 2 cm depth, continuous variable) on soil CO, and CH,, fluxes (the interaction between site and soil temperature was only
included if significant)

Site Soil temperature Site x Soil temperature
Group df° F-value p-value df° F-value p-value df° F-value p-value
Soil CO, flux
Burn severity 2,271 9.947 <0.001 1,89.6 160.874 <0.001 - - -
Salvage-logging 1,18.0 0.910 0.353 1,594 124.586 <0.001 - - -
Stand maturity 1,18.2 20.844 <0.001 1,57.2 206.258 <0.001 1,57.2 8.172 0.006
Soil CH,, flux
Burn severity 2,274 3.125 0.059 1,88 128.222 <0.001 2,879 7.359 0.001
Salvage-logging 1,17.8 0.086 0.772 1,58.4 19.688 <0.001 - - -
Stand maturity 1,18.1 1.599 0.222 1,58.3 82.480 <0.001 — — —

Note: Tukey's post hoc tests results are reported in Figure 5. The groups are burn severity = UM, LM and HM; salvage-logging = SHM and HM; stand
maturity = HY and HM. Bold F- and p-values are significant at a < 0.05. Site names: HM = High severity Mature, SHM = Salvage-logged High severity
Mature, HY = High severity Young, LM = Low severity Mature and UM = Unburnt Mature.

?Numerator degrees of freedom, denominator degrees of freedom.

PNot an integer because we used a model with ddf = ‘Kenward-Roger’ for unbalanced sample size.

thickness (mean + SE: 8 + 1 mm and 10 + O mm at HY and HM, re- 4 | DISCUSSION
spectively), and there was complete tree mortality (i.e. high-severity
fire) at both sites. 4.1 | Impacts of burn severity

Our soil chemistry analyses showed that HY stood out from HM
(and all the other sites) in many of the properties we tested (Figure 3;
Figure S3; Table S2). In the organic layer, total C, C:N ratio, water-
soluble C, NH,, water-soluble P, ECEC and EC were lower at HY
than at HM (or any other site; Figure 3a,c,d,e,g,j,l). In some cases,
these differences were substantial, for example, total C content
was 14% lower at HY compared with HM whilst water-soluble C
was 900 mg kg™ lower than at HM (Table S2). Bioavailable P and
pH in the organic layer were also higher at HY than any other site
(Figure 3h,k).

The soil at HY was significantly warmer (Wilcoxon rank sum test,
t=1322,z=-2.72,p = 0.007; Figure 4c) and drier (t-test, t = 5.34, 77
df, p < 0.001; Figure 4f) than at HM, throughout the growing season
(Figure S2). Mean soil temperature (2 cm depth) was 5.1°C higher
at HY, whilst mean SWC was 5.6%vol lower at HY compared with
HM. We observed that the soils at HY were darker than at the other
burnt sites and that there was very little shading provided by the
thin, burnt tree stems (Figure 2).

Despite the higher soil temperatures at HY, the soil CO, fluxes
and their temperature sensitivity were significantly lower at HY

1

compared with HM (mean CO, flux 0.9 + 0.1 pmol m?2 st and

1.4 + 0.1 pmol m2 s%, respectively; Table 2; Figures 5¢c and 6a).
CH,, uptake, which was greater at HY than HM (mean CH, flux
-1.5+0.1 x 107 umol m? s and -1.1 £ 0.1 x 107° pmol m2 s,
respectively, Figure 5f; Table 2), was not significantly different be-
tween the two sites. There was a similar relationship between the
CO, fluxes and SWC at both sites (Figure S2a), but the CH, uptake at
HY decreased more with increasing SWC compared with HM (Figure
S2b).

One year after the wildfire, we found significantly lower soil CO, fluxes
at the high-severity fire site (HM) compared with the low-severity fire
(LM) or unburnt (UM) sites. This finding is in agreement with the re-
ported reductions in CO, emissions for several years after wildfire in
boreal regions and their dependence on fire severity (e.g. Holden et al.,
2016; Ludwig et al., 2018; Ribeiro-Kumara et al., 2020). The CO, fluxes
at HM (mean 1.4 umol CO, m2 s™Y) were similar to those measured
during the first growing season after a stand replacing fire in a Siberian
larch forest (mean 1.1 pmol CO, m2 sl Késter et al., 2018). The
CO, fluxes at LM (2.3 umol CO, m2s7Y) also corresponded well with
fluxes measured 1 year after low-severity fires in Alaskan black spruce
and Siberian larch forests (2.2-2.3 umol CO, m2sh ONeill et al.,
2003; Sawamoto et al., 2000). The CO, fluxes at UM (between 0.7~
4.3 pmol CO, m2s™) were generally lower but within the range re-
ported for the growing season for two different 50-year-old Scots pine
stands in Finland (~2-8 pmol CO, m2stand ~1-6 pmol co, m2s?
Pumpanen et al., 2015; Zha et al., 2007).

The low CO, fluxes at our high-severity burn site were likely
due to the complete mortality of the trees and ground vegetation
(i.e. shutdown of autotrophic respiration). The combustion of a
large proportion of the organic layer (83% loss compared with UM)
and reductions in labile and total C in the organic layer would also
have caused heterotrophic respiration to decline. Indeed, the lower
total C and N content at HM compared with LM is indicative of the
higher combustion temperatures at HM that would have volatilized
organic C and N, resulting in proportionally more mineral elements
remaining the organic layer (Araya et al., 2017; Bodi et al., 2014).
Furthermore, we noted that the soil CO, fluxes at HM were low
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Mature, SHM = Salvage-logged High severity Mature, HY = High
severity Young, LM = Low severity Mature and UM = Unburnt
Mature

despite mean soil temperatures 2.7°C higher than the other two
sites, implying that heterotrophic respiration was more substrate-
limited than temperature-limited, which was also observed by
Allison et al. (2010) and Waldrop and Harden (2008) in their studies
of the effects of fire on boreal forest soils.

The soil CO, fluxes were similar at the low-severity fire and un-
burnt sites despite a substantially reduced organic layer (75% loss
compared with UM) and complete mortality of the ground vege-
tation at LM. As all trees survived the fire at LM 1 year after the
fire, the soil CO, fluxes at this site included both heterotrophic
and autotrophic respiration. Singh et al. (2008) observed a strong
positive correlation between soil respiration and fine root bio-
mass 6-28 years after wildfire at Canadian boreal forest sites and

concluded that root biomass was more important in determining soil
respiration than the depth of the soil organic layer. It is also pos-
sible that tree fine root production and turnover increased at LM
because the fire increased the availability of soil nutrients and raised
soil pH (Bryanin & Makoto, 2017; Yuan & Chen, 2010). In particular,
our chemical analysis showed increased availability of P (total and
bioavailable) at LM compared with UM. Higher labile P concentra-
tions have been linked to increased microbial activity and soil respi-
ration in a forest chronosequence in northern Sweden (Lagerstrom
et al., 2009), whereas boreal forest fertilization studies have shown
increased tree growth with P addition (Maynard et al., 2014). NO,
concentrations were also higher at LM than at any of the other sites,
suggesting that microbial activity and thus nitrification were able to
continue after the low-severity burn and/or that the presence of liv-
ing trees and the remaining organic layer minimized NO; losses at
LM due to leaching. As a result, both autotrophic and heterotrophic
CO, emissions at the site may have been stimulated, counteracting
any reduction in the soil CO, fluxes due to the consumption of the
organic layer (as seen at the HM site).

The mixed-effects model showed lower CH, uptake after a high-
severity burn compared with a low-severity burn, but neither of
these sites had significantly different CH, fluxes compared with the
unburnt site due to the highly variable fluxes at UM. Similarly, Burke
et al. (1997) found lower (but not significantly different) CH, up-
take at a Canadian black spruce site during the first growing season
after a high-severity burn compared with an unburnt site. We ob-
served higher soil CH, uptake (mean -1.1 x 10~ pmol CH, m2s?)
at our high-severity fire site compared with Burke et al. (1997;
-2.7 x 107* pmol CH, m~2 s7%) but similar values to those reported
by Késter et al. (2018; 1.3 x 10~ pmol CH, m2s™) 1 year after a
fire in a Siberian larch forest. Laboratory incubations of boreal for-
est soils have shown that CH, uptake is highest 2-20 cm deep in
the mineral soil (Gulledge et al., 1997; Kulmala et al., 2014), whereas
the impacts of wildfire are usually restricted to the surface and or-
ganic layers, as is the case in the present study (Késter et al., 2016;
Waldrop & Harden, 2008). Soil moisture is one of the main factors
impacting soil CH, fluxes because it affects the rate of CH, diffu-
sion into soils and the pore space available for aerobic methane
consumption (Smith et al., 2000). Although our results showed no
significant differences in SWC (measured at the soil surface, 0-5 cm
depth) between the sites as a result of burn severity, the UM site was
better able to retain moisture in the spring and autumn than either
of the burnt sites. Year-round flux measurements would be needed
to examine whether differences in the CH, fluxes between the sites
become more pronounced during the wetter parts of the year and
whether they have a significant influence on the annual CH, uptake.

Soil carbon fluxes only represent part of the net ecosystem car-
bon balance, albeit an important one. We expect that measurements
of the total ecosystem carbon fluxes would have revealed even larger
differences between the sites as a result of burn severity. Despite
the reductions in post-fire soil respiration at HM, tree mortality
would make the site a net CO, source, whilst LM may remain a net
sink due to the continued photosynthetic uptake by the surviving
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trees. The net CH, balance would also differ at HM compared with
the other two sites, since dead trees tend to emit less CH, than living
trees (Covey & Megonigal, 2019), although it is not clear whether the
sites are net sinks or sources of CH, without continuous ecosystem-
scale flux measurements.

4.2 | Impacts of salvage-logging

There is little previous work comparing the impacts of alternative
post-fire management strategies on forest soils and greenhouse gas
fluxes, and the few available observations are not consistent. In the
first year after a large Swedish wildfire in 2014, eddy covariance
measurements by Gustafsson et al. (2019) showed higher ecosystem
CO, emissions at a salvage-logged site compared with an unlogged
site. During the first 3 years after fire in Mediterranean pine for-
ests, Marafion-Jiménez et al. (2011) found lower, but not always sig-
nificant, soil CO, fluxes at salvage-logged sites compared with sites
where the dead trees were left standing. Studies of the effects of
clear-cutting (without fire) on soil CO, fluxes in boreal forests are
similarly inconclusive. Soil CO, fluxes have been found to increase,
remain stable or decrease during the first growing season after har-
vesting, in part depending on whether logging residue was left on
the ground and whether soil preparation had been carried out (Mallik
& Hu, 1997; Pumpanen et al., 2004; Striegl & Wickland, 1998). One
year after a high-severity burn, we found no significant effects of
salvage-logging on soil CO, fluxes, CH, fluxes or soil microclimate,
and only small differences in soil nutrient content, compared with
leaving the dead trees standing (i.e. comparing SHM and HM). The
similarity in the soil CO, fluxes may hence be partially due to the
fact that the soils were not scarified and that only minor amounts of
woody debris were left after the salvage-logging at SHM. However,
if the salvage-logging had been conducted at a low-severity burn
site, which is a common post-fire management practice in Sweden
(although not elsewhere in the boreal region), we would expect the
same impact as that of a high-severity burn, that is, not only de-
creased soil CO, fluxes but also the conversion of the site to a net
CO, source due to reductions in photosynthetic carbon uptake.

Clear-cutting in boreal forests (not after fire) can turn forest soils
from sinks to sources of CH, due to reductions in evapotranspira-
tion and consequent increases in the water table (Sundqvist et al.,
2014; Vestin et al., 2020) or soil compaction by heavy machinery
(Stromgren et al., 2016; Teepe et al., 2004). However, we found no
significant differences in SWC between the SHM and HM sites, and
we did not observe any evidence of soil compaction at the SHM site.
Furthermore, the remaining organic layer, which can act as a barrier
to CH, diffusion, was a similar thickness at both sites (Saari et al.,
1998). It is, hence, not surprising that no significant differences in
the CH, fluxes were found.

Although salvage-logging after a high-severity fire did not im-
mediately impact the soil carbon fluxes or nutrient availability, the
removal of the dead trees may have long-term effects on these two
processes and thus amplify differences in the net carbon balance
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between SHM and HM. Dead trees can be a key source of nutrients,
particularly C and N, that are released over many years, outlasting
the short-term nutrient pulse from ash deposition immediately after
afire (Maranoén-Jiménez & Castro, 2013). Having this nutrient source
is significant given that C and N were reduced after a high-severity
burn and boreal forests are often N-limited. On the other hand, het-
erotrophic respiration rates will be higher at HM than SHM over the
long-term as the dead trees slowly decompose (Amiro et al., 2006).

4.3 | Impacts of stand age

Stand age had a clear impact on all the soil properties we tested
(except CH, uptake), with the younger site (HY) experiencing sig-
nificantly warmer and dryer soils, lower nutrient supply and more
substrate-limited soil respiration compared with the mature site
(HM). All of these differences are likely related to the very thin or-
ganic layer remaining at HY, as a result of both its young age (i.e. less
time to accumulate organic material) and the consumption of the soil
surface during the high-severity fire. A thinner organic layer has are-
duced ability to insulate the underlying mineral soil, thus driving up
soil temperature and reducing moisture retention. Therefore, as well
as being limited by very low concentrations of labile C, the shutdown
of autotrophic respiration and the supply of root exudates from the
trees, soil respiration at HY was also more likely to have been limited
by water stress than at HM.

We note that our observations at HY not only reflect the young
age of the stand but may also have been influenced by the clear-
cut and soil scarification at HY, which occurred 12 years before the
fire. In some cases, harvesting and/or soil scarification in boreal for-
ests has not had any long-term impacts (10-20 years) on soil nutri-
ent availability or has increased the availability of certain nutrients
(Kishchuk et al., 2014; Simard et al., 2001). However, in Swedish
Scots pine forests, Orlander et al. (1996) found that soil scarification
led to reduced soil C and N concentrations up to 70 years after the
disturbance (although it did not affect tree productivity), which sup-
ports our findings of lower C content in the organic layer at HY com-
pared with all the other sites. Furthermore, Thiffault et al. (2007)
noted that logged sites in Quebec had reduced ECEC concentrations
compared with fire-affected sites 15-20 years after the disturbance,
which fits with our observations of lower ECEC in the organic layer
at HY compared with HM.

Forest stands subjected to multiple or compound disturbances
can be more negatively affected than those exposed to single dis-
turbance events (Bowd et al., 2019; Leverkus et al., 2018). We have
analysed two forest stands affected by multiple disturbances: HY
(clear-cut then fire) and SHM (fire then salvage-logging), but HY was
more strongly affected (more extreme changes in microclimate, nu-
trient supply and soil respiration). These differences may have partly
resulted from differences in the disturbance to the soil (e.g. soil scar-
ification at HY but not at SHM) but also emphasize that stand age
plays a key role in determining the response of a forest to distur-
bance. Our observations demonstrate the limited ability of young
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stands to build up SOM and retain nutrients after a disturbance,
which will have a long-term negative impact on ecosystem function-
ing and the carbon storage capacity of these stands (Walker et al.,
2019). These findings are particularly significant in light of a global
shift towards younger forests and more frequent and intense natural
disturbances (McDowell et al., 2020).

4.4 | Limitations and opportunities

In the present study, we have compared a group of sites located
within a 1 km? area. As a result of the close proximity of all our sites,
we have eliminated undesired sources of variability that have com-
plicated the interpretation of results in previous studies (e.g. differ-
ences in time since wildfire, landscape position, soil characteristics
and weather). Nevertheless, despite concentrating on mature forest
(with the exception of HY), the differences in the tree character-
istics (i.e. tree height and stand density, Table 1) add some uncer-
tainty to our comparisons between the sites. These uncertainties
are, however, likely outweighed by the magnitude of the differences
between the sites we compared (e.g. tree mortality vs. tree survival
at HM and LM or logged vs. unlogged at SHM and HM).

Our study has highlighted clear differences in the soil carbon
fluxes between the sites we investigated as a result of variations in
burn severity and forest management. Accounting for such spatial
variability is vital, particularly in Fennoscandia where the majority
of forests are owned by private people in small holdings (typically
50 ha or less; KSLA, 2015; LUKE, 2018), creating a heterogeneous
mosaic of forest ages and management practices. Our findings pro-
vide a basis for modelling and upscaling post-fire soil carbon fluxes
across Fennoscandia. In addition, by capturing the response of for-
est soils within the first year of the fire and salvage-logging we have
established a baseline against which future changes at the sites can
be compared. Ongoing monitoring will reveal whether the direct
impacts of the fire and management decisions translate into long-
lasting differences between the sites.

4.5 | Future wildfire impacts

The length of the annual summer wildfire season is predicted to
increase in Fennoscandia and, in our study area, could be 1 month
longer by the end of the century (Kilpeldinen et al.,, 2010; MSB,
2013). Thus, although fire suppression has generally been highly ef-
fective, extreme wildfire seasons such as that experienced in 2018
are likely to become more common in the future. Our results sug-
gest the increasing frequency of wildfires will reduce the forest soil
carbon sink by limiting the time available for SOM to accumulate
between disturbances. Furthermore, the burn severity of future
fires will be a key determinant of soil CO, emissions during the initial
post-fire years. Although soil CO, emissions may be reduced after
high-severity fire compared with low-severity fire, at the ecosystem
scale, stands affected by high-severity fire will become net sources

of CO,, whereas stands affected by low-severity fire will likely re-
main CO, sinks. Eddy covariance data or ecosystem modelling ap-
proaches are needed to estimate how the ecosystem scale carbon
fluxes change after fire, in order to fully quantify the effects of fire
on the forest carbon balance in Fennoscandia.

5 | CONCLUSIONS

We established five sites within the Ljusdal fire complex to assess
how burn severity, immediate post-fire forest management (salvage-
logging vs. letting the burnt trees stand) and stand age affected the
forest soils 1 year after the fire. Our results show that a high-severity
fire caused significant reductions in the soil CO, fluxes, higher soil
temperature and pronounced differences in nutrient content com-
pared with an unburnt site, whereas a low-severity fire only affected
the soil nutrient content.

One year after the fire, salvage-logging after a high-severity
fire had no additional impact on the soil compared with leaving
the dead trees standing. We would, however, expect that salvage-
logging after a low-severity fire would lead to significant changes
in soil respiration due to the removal of living trees. Over the long
term, and especially when considering the ecosystem-scale car-
bon fluxes, the differences between the salvage-logged and un-
logged sites are very likely to become more pronounced as the
burnt wood will increase CO, emissions and available nutrients at
the unlogged sites.

The effect of post-fire salvage-logging on soil CH, fluxes has not
been examined previously and we found, similarly to our analysis of
burn severity and stand age, that it had no significant effect on CH,
uptake in our study area. Finally, our results show that stand age is
a key factor determining the effect of disturbances on forest stands
and that the effects of clear-cutting and soil scarification more than
a decade ago were still visible after the fire.

With climate change predicted to increase wildfire frequency
across large parts of the boreal biome and the growing pressure
from forest management, stands affected by multiple different
disturbances with short return intervals are likely to become more
common. Our results suggest that the soils in these forest stands
are most at risk of losing their carbon storage capacity and nutri-
ents vital to tree growth. Monitoring the long-term effects of dis-
turbance and accounting for the management history of a site is,
therefore, essential in order to estimate the carbon sink potential of
managed boreal forests. Such work will help elucidate the effects
of repeated disturbance on soil nutrient availability and greenhouse
gas fluxes and can inform sustainable forest management practices.
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Method for the manual dark CO2 and CHs chamber measurements

At each of the five sites, 10 collars were placed 10 m apart along one or two transects (Figure
1d-e and Figure S1). One transect (90 m long) was used at the HY site to allow for
comparison with data from an eddy covariance flux tower (not this study) whereas two

transects (each 40 m long) were used at all the other (smaller) sites.

When calculating fluxes based on the concentration measurements, we adjusted the volume of
the chamber based on the height of the soil surface or vegetation inside each collar. Linear
regressions of the change in gas concentration over time were fitted over five windows of 150
seconds duration with intervals of 10-30 seconds between the start of each window. The first
30 seconds of each measurement were discarded to minimize the impact of pressure
fluctuations that can occur during chamber closure (Davidson et al., 2002). For CO, the slope
of the regression with the highest R? >0.8, and where p < 0.001 and Normalized Root Mean
Square Error (NRMSE, normalized using the range of the measured values) < 0.2, was
selected. If none of the five linear regressions passed the statistical thresholds, the
concentration measurements were discarded. To calculate the flux, we used the selected slope,
the soil temperature (5 cm depth) measured for each collar and air pressure measurements
from a national monitoring station (58 km away from the site, measurements were adjusted to
the elevation of the site) as inputs to the ideal gas law. Flux calculations for CHy4 followed the
same procedure but the R? threshold was set to 0.25 to avoid excluding low fluxes (cf.

Sundqvist et al., 2014).
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After each flux measurement:

2 soil temperature
measurements at
1, 2 and 5 cm depth

Site measurements

10 collars for |
monthly gas flux ]
measurements

6 soil water content
measurements
at 0-5 cm depth

O O
\
Soil gas flux
transects 10m

J

20 soil samples:

transects

Used for biomass
estimation (total
organic layer only)

60 charred and organic layer
depth measurements

Mineral layer

(top 2 cm) ———p

S
) 30m R
,[ i ,LQG((\ 200/;]
Total organic layer
Soil sampling T (incl. charred layer) {

Used to create 4
composite samples for
chemical analysis

Figure S1. Layout of the soil gas flux and soil sampling transects at each site.
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Figure S2. Linear regressions between log(CO; flux), CH4 flux and soil water content at 0-5

cm depth at each site (see Table S4 for regression parameters). Site names: HM = High

severity Mature, SHM = Salvage-logged High severity Mature, HY = High severity Young,

LM = Low severity Mature and UM = Unburnt Mature.
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Figure S3. Mean + SE of the soil chemical properties in the mineral layer (mean of 4

composite samples) at all sites measured in May 2019. Site names: HM = High severity

Mature, SHM = Salvage-logged High severity Mature, HY = High severity Young, LM =

Low severity Mature and UM = Unburnt Mature.
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Figure S5. Monthly mean + SE CO» and CHj4 fluxes at all sites in 2019. Site names: HM =
High severity Mature, SHM = Salvage-logged High severity Mature, HY = High severity

Young, LM = Low severity Mature and UM = Unburnt Mature.
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Table S3. Linear regression coefficients and goodness-of-fit statistics for log(CO» flux) and
CHy4 flux against soil temperature (2 cm). Bold numbers are significant (p < 0.05). Site names:
HM = High severity Mature, SHM = Salvage-logged High severity Mature, HY = High

severity Young, LM = Low severity Mature and UM = Unburnt Mature.

Gas flux Site Slope Intercept R? RMSE
HM 0.083 -1.235 0.59 0.350
SHM 0.076 -1.221 0.57 0.435

CO2 HY 0.052 -1.562 0.50 0.473
LM 0.063 -0.317 0.32 0.536
UM 0.086 -0.510 0.51 0.308
HM -0.00005 -0.00029 0.24 0.00041
SHM -0.00003 -0.00067 0.06 0.00070

CH4 HY -0.00005 -0.00047 0.25 0.00071
LM -0.00006 -0.00043 0.45 0.00041
UM -0.00012 0.00059 0.53 0.00040

Table S4. Linear regression coefficients and goodness-of-fit statistics for log(CO; flux) and
CHjs flux against soil water content (SWC).Bold numbers are significant (p < 0.05). Site
names: HM = High severity Mature, SHM = Salvage-logged High severity Mature, HY =

High severity Young, LM = Low severity Mature and UM = Unburnt Mature.

Gas flux Site Slope Intercept R? RMSE
HM -0.065 0.941 0.44 0.408
SHM -0.043 0.471 0.13 0.622

CO; HY -0.111 0.234 0.40 0.515
LM -0.061 1.314 0.42 0.497
UM -0.029 1.194 0.47 0.320
HM 0.00004 -0.00150 0.19 0.00042
SHM 0.00003 -0.00138 0.04 0.00071

CH4 HY 0.00009 -0.00203 0.19 0.00074
LM 0.00004 -0.00176 0.19 0.00050

UM 0.00003 -0.00163 0.35 0.00047
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