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warming has intensified fire activity and severity in recent years, and warmer

Handling Editor: Phil Martin survival and growth. Management interventions can potentially counterbalance
the effects of fire severity and warming.

2. Using a field experiment, we investigated the main and interactive effects of fire
severity, experimental warming, understory shrub presence and salvage logging
on the growth of different conifer (Picea abies and Pinus sylvestris) provenances,
to provide insight about how tree seedlings of various species respond to multiple
environmental drivers following fire.

3. Our study shows that low fire severity without salvage logging resulted in poorer
seedling above-ground growth, whereas experimental warming and ericaceous
shrubs removal increased seedling biomass regardless of fire severity or logging
treatment.

4. Our results suggest that enhanced light availability and reduced resource
competition from the understory supports the growth of conifer seedlings
following fire. Post-fire warming further stimulated the growth of conifer
seedlings (particularly in high-severity burn areas) potentially due to increased
early colonization by fast-growing deciduous trees. Moreover, in warmer
conditions, northern provenances of P. sylvestris planted in southern locations
also showed greater height growth compared to local populations, highlighting

the potential for assisted migration under climate change.
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5. Synthesis and applications. This study demonstrates that artificial regeneration

through planting can support forest recovery following wildfire, especially under
high fire severity in sites where natural regeneration is poor. Salvage logging can
enhance the growth of P. sylvestris seedlings and indirectly benefit P. abies on
low-severity sites by facilitation by deciduous species that create favourable
microhabitats. However, the broader ecological impacts of salvage logging
(such as on biodiversity loss and soil and habitat structure) must be considered
in management planning. Post-fire vegetation management, including control
of competitive ericaceous shrubs, may further improve seedling establishment.
Selecting climate-adapted seedling provenances can boost reforestation
success under future warming. These findings support an adaptive management

framework that integrates fire severity, logging intensity, understory control and

KEYWORDS

1 | INTRODUCTION

Wildfires are a natural disturbance in boreal forests that support
ecosystem functioning and forest regeneration (Certini, 2005;
Johnstone et al., 2004; Kuuluvainen & Rouvinen, 2000). By elimi-
nating fire-intolerant species, wildfires initiate secondary succes-
sion and increase light, space and nutrients for fire-tolerant and
pioneer species (Deluca et al., 2002; Schimmel & Granstrom, 1996).
In the past decade, Swedish boreal forests have experienced the
largest and most intense wildfires in a century, driven by rising
summer temperatures and prolonged drought (Aakala et al., 2018;
Granstrém, 2018; Myndigheten fér samhallsskydd och beredskap,
2015). These fires often result in high tree mortality and stand-
replacing events. Anthropogenic climate warming may lead to
greater fire severity, potentially initiating a positive feedback loop,
whereby enhanced carbon (C) release to the atmosphere may fur-
ther enhance global warming (Field et al., 2007; Mack et al., 2011).
The extent of this feedback likely depends on how quickly forests
regenerate after fire.

Eurasian fires have typically been low-intensity ground fires
(Archibald et al., 2013; Rogers et al., 2015). However, due to the ac-
celerating effect of climate change, high-severity fires causing 100%
tree mortality are now emerging in Eurasia (Flannigan et al., 2013;
Tyukavina et al., 2022). This shift has led to post-fire recruitment
failures and an increased risk of ecosystem state change (Baltzer
et al,, 2021; Burrell et al., 2022; Johnstone et al., 2016; Stevens-
Rumann et al., 2018). In addition to global warming indirectly im-
pacting forests via its effect on fire regime, higher temperatures
through warming may also directly impact the establishment
and growth of boreal forests following fire, with consequences
for their capacity to assimilate carbon dioxide, produce biomass
and recover carbon stocks (Davis et al., 2023; Goetz et al., 2005;

assisted migration to foster resilient forest landscapes in a changing climate.

assisted migration, boreal forest, climate warming, conifer reforestation, fire severity, open-
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Johnstone et al., 2016). By the end of the 21st century, tempera-
tures in northern Europe are projected to rise by 2.7°C in summer
and 4.3°C in winter (Christensen et al., 2007). Longer growing sea-
sons and warmer springs may boost tree growth and productivity
(Bergh et al., 2003; Devi et al., 2020; Kellomiki et al., 2018), partly
by triggering earlier bud burst, though this may also increase seed-
ling vulnerability to spring frost (Hanninen, 1991). At the same time,
warming may lead to increased drought stress during the post-fire
establishment phase, particularly in exposed, severely burned sites
where soils retain less moisture (Whitman et al., 2019). Such condi-
tions can limit seedling survival before growth even begins. Further,
extreme events like heatwaves, prolonged periods of drought and
reduced precipitation may impair biomass accumulation and reduce
survival (Jonsson & Lagergren, 2018; Teskey et al., 2015; Venaldinen
et al,, 2020). Climate warming effects on regeneration may also
operate indirectly by altering soil moisture and fertility (Allison &
Treseder, 2008), which may counteract some of the direct positive
effects of increased temperature (Reich et al., 2018).

The post-fire forest recovery is also influenced by the competi-
tion, and the growth of seedlings may depend on the composition
of the understory plant community. For example, ericaceous dwarf
shrubs are predicted to increase in cover and biomass with climate
warming (Brathen et al., 2018; Hudson & Henry, 2009; Myers-Smith
et al., 2011); these associate with ericoid mycorrhizal fungi which
impair decomposition and reduce nutrient turnover (Clemmensen
et al.,, 2013, 2015; Fanin et al., 2022) and thereby potentially ad-
versely affect tree seedling regeneration and growth (Jaderlund
et al., 1996; Nilsson, 1994; Nilsson & Wardle, 2005). On the other
hand, high-severity fires often repress or kill ericaceous vegetation
(DelLuca et al., 2002) which may in turn favour forest regrowth in
the short term until the ericaceous vegetation recovers. Hence,
understanding how climate warming and intensified wildfire affect

85UB01 T SUOWILLIOD AIIERID B|qedi(dde ay) Aq peuseno a1e ssjoie O ‘8sN JO SajnJ o} Akeiq18UlUO /311 UO (SUONIPUD-PUR-SLUIBY WD A3 1M A1 1[ou UO//STIY) SUONIPUOD PuUe SWie | 8y} 88S [9202/20/20] U0 A%iqiauluo A8 (1M ‘Bulupeseg sustels Ad Z9T0L 799Z-G9ET/TTTT OT/I0pAL0d™ A8 im Ale.q i puljuo's feuno fsaqy/sdny wouy papeojumod ‘0T ‘SZ0Z ‘99ZS9ET



IBANEZ €7 AL.

understory vegetation is essential for assessing forest regeneration
under climate change.

Seedling regeneration is also potentially impacted by manage-
ment practices initiated following wildfire. In managed forests, wild-
fire is often followed by salvage logging, which in northern Europe
involves the extraction of both dead and live scorched trees (Malvar
et al., 2017). After salvage logging, tree seedlings are planted to re-
generate the forest. Salvage logging can negatively affect vegeta-
tion and soils by reducing moisture retention (Leverkus et al., 2018;
Marcolin et al., 2019), disrupting plant-soil-microbe interactions
(Pérez-lzquierdo et al., 2021), and impairing decomposition and nu-
trient cycling (Bowd et al., 2019), which may in turn reduce seed-
ling survival and growth (Leverkus et al., 2020; Lindenmayer &
Noss, 2006). However, long-term impacts on soil quality remain
uncertain, possibly due to variation in stand conditions and logging
intensity (Leverkus et al., 2020; Malvar et al., 2017). It is also unclear
how fire severity and climate warming may interact with salvage log-
ging to affect seedlings.

Retaining living trees may support reforestation by enhancing
turnover of soil organic nutrients via ectomycorrhizal fungi (Ibafnez,
Wardle, et al., 2022; Pérez-1zquierdo et al., 2021). However, these
trees can also compete with seedlings for light and nutrients, and
thereby reduce seedling growth (Beckage et al., 2008; Gleason
et al., 2017). Under climate warming, longer growing seasons may
promote seedling growth (Pretzsch et al., 2014), but can also inten-
sify summer drought stress (Marqués et al., 2018). Drought sensi-
tivity may be greatest in high-severity burn areas due to increased
runoff and lower soil water storage (Atchley et al., 2018; Phillips
et al., 2024). Interactions among fire severity, salvage logging, un-
derstory vegetation and warming are therefore critical for seedling
survival and forest recovery.

Assisted migration is considered an effective strategy for re-
storing forest ecosystems after disturbances, including disturbance
driven by climate change (MacKenzie & Mahony, 2021; Williams &
Dumroese, 2013). It may also help maintain the carbon sink function
of forests under warming (Chakraborty et al., 2024). For decades,
forest managers have used assisted migration and selection of coni-
fer provenances and seed orchard sources to enhance traits like sur-
vival and growth (Hayatgheibi et al., 2020; Stanturf et al., 2024). In
northern Europe, this often involves establishing seed orchards and
moving provenances latitudinally to improve performance (Persson
& Beuker, 1997; White et al., 2007). For Picea abies, seedling prov-
enances are often moved from south to north to reduce the risk of
spring frost (Lundstréomer, 2021). Such provenances also tend to
continue growing later into the autumn because their growth cessa-
tion is triggered by autumn night length, which are initially shorter in
the north than in the south (at least until the autumn equinox). For
Pinus sylvestris, provenances are often moved southward to promote
earlier spring growth and bud set, and thus reduce risk of autumn
frost damage (Berlin et al., 2016; Persson & Beuker, 1997). The cli-
mate change issue has raised uncertainty about the sustainability of
current reforestation practices (Keenan, 2015; Lukac, 2016), though
using climate-adapted provenances may improve forest resilience to
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fire and warming (Davis et al., 2023; Handler et al., 2018). However,
few trials have tested how different provenances respond to such
factors as fire severity, warming, understory composition and sal-
vage logging.

The purpose of this study was to gain insights into how P. abies
and P. sylvestris seedlings of different provenances may respond to
environmental conditions following wildfire of varying severities
and their interactions with experimental post-fire climate warming,
ericaceous shrub removal and salvage logging in a Swedish boreal
forest. We aimed to achieve this by addressing these five hypoth-
eses (Figure 1). First, we hypothesized that seedlings will grow
better in stands subjected to high-severity than low-severity fire,
because of the immediate pulse of available soil nutrients after
fire (Gundale et al., 2005), and increased light availability from re-
duced tree canopy cover (Stuiver et al., 2016). Second, we hypoth-
esized that experimental warming will enhance seedling growth
because higher temperatures may increase soil mineralization rates
(Kirschbaum, 1995) which increases nutrient availability for seed-
lings (Bonan & Cleve, 1992), and that this effect will be most prom-
inent in low fire severity soils that have a greater amount of soil
organic matter and therefore greater nutrient capital. Warming is
expected to reduce growth by inducing stress-related seedling mor-
tality and growth (Bennett et al., 2015), especially in the presence
of understory vegetation (Shovon et al., 2021), and particularly for
the less drought-tolerant and temperature-sensitive P. abies (Kunert
et al.,, 2022). Third, we hypothesized that the presence of ericaceous
shrubs will decrease seedling growth post-fire due to resource com-
petition (Kuuluvainen & Rouvinen, 2000; Zackrisson et al., 1997),
and that this effect will be more severe in low fire intensity stands
because of faster recovery and higher biomass of ericaceous shrubs
(DelLuca et al., 2002). Fourth, we hypothesized that salvage logging
will have a positive effect on seedling regeneration through greater
availability of light and soil nutrient resources, and that this effect
of logging would be stronger in low-severity fires, due to removal
of damaged trees that were still alive and able to compete with the
seedlings. Finally, we hypothesized that seedling provenances will
exhibit different growth rates, and that high-latitude provenances
from colder environments will respond more positively to warming
than will local or low-latitude provenances (Lukac, 2016; Reich &
Oleksyn, 2008), regardless of fire severity. Testing these hypotheses
in combination has the potential to provide novel insights about how
conifer species used for reforestation respond to multiple interact-
ing factors after fire and provide useful information for developing

sustainable management practices in a changing climate.

2 | MATERIALS AND METHODS
2.1 | Selection of stands
In July 2014, the largest forest wildfire in modern Swedish

history took place in central Sweden (59°53'51” N; 16°8'19"E)
(Gustafsson et al., 2019; Lidskog et al., 2019). The wildfire, named
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FIGURE 1 Conceptual overview of the experimental design and tested hypotheses. (a) Geographic origin of seedling provenances for
Picea abies and Pinus sylvestris used in the study. (b) Illustration of the factorial experimental design, showing combinations of fire severity
(high or low fire severity), salvage logging (salvage logging or no logging), experimental warming (experimental warming or none) and
ericaceous shrub removal (ericaceous shrub or none). (c) Summary of five key hypotheses related to the effects of fire severity, warming,
shrub removal and salvage logging on seedling growth and survival. lllustration by Daria Chrobok (DC SciArt), designed in collaboration with

the authors.

the ‘Vastmanland burn’, covered an area of more than 13,100 ha
of land, where 9576 ha of it was managed conifer forest (Nilsson
et al., 2014). The intensity of the fire varied across the landscape,
leaving some stands with high tree mortality and loss of the
organic soil layer, and other stands that were less severely burned.
Fieldwork was conducted under permit number Dnr 512-4922-
2015, issued by the County Administrative Board of Vastmanland,
Sweden (Lansstyrelsen i Vastmanland, 721 86 Visteras, Sweden).
We selected 25 burned forest stands each of which was 0.25ha,
which was dominated (87%) by 40-50-year-old Scots pine (Pinus
sylvestris) trees. The site productivity, estimated by site index
(expected height at 100years) ranged from 22 to 24 m and stem
density of <1000 stems per ha, and with scattered Norway
spruce (Picea abies) and birch (Betula spp.) throughout the area
(see Ibariez, Wardle, et al., 2022 for further details of pre-fire
stand characteristics). Each stand had undergone one thinning
event prior to the fire. Prior to the fire, understory vegetation
was dominated by ericaceous dwarf shrubs (Vaccinium vitis-idaea,

V. myrtillus and Calluna vulgaris) and mosses (mainly Pleurozium
schreberi). The stands occurred on podzolized soil and were all
situated within an area of 60km?, with a minimum distance of
300m between stands.

To assess the level of fire severity for each of the 25 stands, in
April 2016, data were collected for stem scorch height on the tree,
proportion of stem scorched, proportion of crown scorched, tree
mortality caused by the fire, depth of the soil organic layer, depth
of charred soil and the quantity of charcoal on the soil surface. From
these 25 burned stands, we used PCA analysis to identify seven high
fire severity and seven low fire severity stands (details presented by
Ibanez, Wardle, et al., 2022). In short, tree mortality, stem scorch
height, the proportion of trees with stem and crown scorches were
higher in high fire severity stands than in low fire severity stands
(Table 1). Before the fire, the high-severity and low-severity stands
did not differ with regard to mean tree height, basal area or tree
species composition (Ibafez, Wardle, et al., 2022; Pérez-lzquierdo
etal., 2023).
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TABLE 1 Fire severity measures (mean +SE) of fire severity characteristics.

df?
Soil organic layer depth (mm)P° 2,18
Tree mortality cause during fire 1,12
Stem scorch height on trees (m) 1,12
Proportion of stem scorched (%) 1,12
Proportion of crown scorch (%) 1,12
Depth of charred soil (mm) 1,12
Quantity of charcoal on the soil surface (g/mb) 1,12

2661

High fire severity Low fire severity F-value p-value
19.8+1.7 24.0+1.9 142.42 <0.001
100.0+0.0 32.1+5.0 186.85 <0.001
68+1.1 1.0+0.1 25.62 <0.001
13.1+3.6 29219 6.48 0.026
99.4+0.4 279+2.4 846.74 <0.001
10.3+0.8 12.8+0.8 5.03 0.045
120+25 75+25 1.50 0.244

Note: With permission from the authors: table modified from Ibafiez, Wardle, et al. (2022) and data sourced from Pérez-1zquierdo et al. (2023). Bold

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

®The unburned soil organic layer was 93.9 + 5.5 mm, statistical significantly higher than high- and low-burned soils at p=0.001 (Bonferroni post hoc

test following ANOVA).

(a) High fire severity

Low fire severity

Unlogged

C Yo )
0 0 020
0 0 ORO,

A U\ 4

Q Ambient temperature (non- OTC)

<:> Experimental warming (OTC)

(R) Removal or (P) presence of ericaceous shrubs

Salvage logged

FIGURE 2 (a) Schematic figure over the experimental design. Each of the seven replicates of each high (beige) and low fire severity
(green) consisted of one unlogged (patterned) and one logged plot (each approximately 40x40m). Each plot had four sub-plots (112 sub-
plots in total), with a ground surface area of 2.34 m? and top open area of 0.94 mZ. These were either covered with an open-top chamber
(OTC) or left uncovered (non-OTC) to provide experimental warming and ambient temperature, respectively, and within these, ericaceous
shrubs were either removed or left intact (present). (b) A photograph of an open-top chamber (OTC) placed in burned salvage-logged sites of
high fire severity and planted with randomly assigned conifer seedlings of three different provenances (P1-P3 for P. abies and P4-P5 for P.
sylvestris). The provenances are described in detail in Table 2. Photograph: Theresa S. Ibafnez.

2.2 | Effects of fire severity, salvage logging,
warming and shrub removal on tree seedlings

Directly during the first weeks following the fire (August to September
2014), half of each of the 14 stands was salvage logged (i.e. the area
was clear-cut, the logs were removed and the branches were left in
the area, while no soil scarification took place), so that each stand con-
sisted of a paired logged and unlogged area. On 1-7 June 2016, we
set up a climate warming experiment. This consisted of installing four

plots in each of the logged and unlogged portions of each stand, on
which we manipulated warming and removed understory ericaceous
shrubs (Figure 2a). On two out of four plots, we installed an open-top
chamber (OTC) on the burned ground to simulate climate warming
(Welshofer et al., 2018), identical to what has been used in other stud-
ies (De Long et al., 2016; Dorrepaal et al., 2004). The OTCs were made
of transparent Perspex PVC (Macrolife, Arla plast, Sweden) and were
hexagonal with 47 cm high (tilted) walls and with a 1m wide open top
(Figure 2b). This open top allowed the inside of the chamber to increase
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in temperature without changing natural conditions such as light, pre-
cipitation or entry by insects or fungal spores. The remaining two plots
were left without an OTC to serve as no-warming controls and had
the same dimensions as the OTC. We measured air temperature at
5cm from ground level with temperature loggers (Tinytag Talk 2, Intab,
Stenkullen, Sweden) inside OTCs and in non-OTC plots in salvage-
logged and unlogged sites across fire severity during three consecutive
days and nights in June 2016. In total, four temperature loggers were
installed. The elevated temperature inside the OTC was approximately
2°C warmer compared to non-OTC ambient temperature in salvage-
logged sites during daytime (06:00AM to 06:00 PM), which created an
elevated ambient temperature (see Figure S1a). However, the OTCs
only elevated the temperature in unlogged sites by approximately
0.5°C (Figure S1b).

The OTCs were placed in the field all year round, potentially re-
ducing snow accumulation inside the chambers and altering winter soil
temperature and moisture conditions. In this region, snow typically
accumulates from early December to early or mid-March. During the
winters of 2016-2019, mean snow depths were 7, 27 and 18cm, re-
spectively (Swedish Meteorological Institute), which are low compared
to many higher latitude ecosystems. OTCs may reduce snow cover
slightly, potentially leading to earlier soil exposure (Marion et al., 1997).
However, earlier snow melt may simulate natural warming effects, such
as extended growing seasons—an effect consistent with projected
climate warming (Arft et al., 1999; Henry & Molau, 1997). Although
we did not measure snow depth, moisture or CO, concentrations in-
side the OTCs, changes in these factors may reflect realistic warming
scenarios (Hollister & Webber, 2000). Despite their limitations, OTCs
remain a widely used and established method for simulating warm-
ing in field conditions due to their passive function and open design
(which allows for continuous air exchange), as well as the fact that they
allow proper replication of warming treatments in large experiments
(Hollister et al., 2023; Marion et al., 1997).

In each group of four plots in each salvage-logged and unlogged
area of each stand, we removed ericaceous shrubs over 1-7 June
2016 for two plots (one with an OTC and one without) by gently
pulling out their rhizomes to minimize disturbance in the soil and
vegetation layer, while the other two were left intact (Figure 2a).
All above-ground ericaceous shrubs were removed, transported
to Umea, dried in an oven for 48h at 65°C, and the dry weights
per m? were obtained (Table S1). Any resprouting shrubs were sub-
sequently removed at four occasions during each of the 2017 and
2018 growing seasons, and at three times during the growing sea-
son of 2019. These measurements showed that high-severity fires
removed 40% more of the shrub layer than low-severity fires did
(Table S1).

Vegetation cover data in a sub-plot of a 50x50cm quadrat in
the centre of each plot was measured on 22-28 July 2019 with a
pinpoint quadrat analysis approach (Goodall, 1952 as used by
Wardle et al., 2003) to assess post-fire recovery. For each plot, all
vegetation including naturally regenerated tree seedlings, herbs,
grasses, mosses and lichens intercepted by each of the 100 down-
ward projecting points (in a grid of 10x 10 points) was recorded and

identified to species. The total number of intercepts of each species
by the 100 points was used to provide a measure of its cover density
(Jonasson, 1988).

Soil samples for obtaining the concentration of carbon (C) and
nitrogen (N) of the organic soil layer and mineral soils (Table S2) were
collected in each plot in October 2019. Three soil cores (each 3cm
in diameter) were collected at the centre of each plot, and cores
were split into organic layer and mineral layers in the field. At some
high fire severity locations, the entire organic layer was consumed
by the fire and only the mineral layer was collected. Soil samples
were kept under cool temperature conditions until transportation to
the laboratory where they were stored at 4°C until further process-
ing. The fresh soil samples were sieved (<2mm) to remove stones,
coarse root and plant debris. Soil cores from the same horizon within
each plot were pooled together. Prior to sieving, live plant materi-
als were carefully removed from the top of each organic soil core,
while the litter layer was left intact. Soil samples were dried (60°C
for 48h) and homogenized into a fine powder (Unimeg rolling ball,
Umed University Mechanic, 3d) whereafter they were analysed for
total C and N content with an EA-IRMS Elemental Analyzer (Flash EA
2000, Thermo Fisher Scientific, Bremen, Germany) at the SLU Stable
Isotope Laboratory.

2.3 | Conifer seedlings and provenances

On 1-7 September 2016, seedlings of three different provenances
of each of two conifer species (P. abies and P. sylvestris) were
planted within each plot (i.e. those with and without OTCs and with
and without shrub removal; Figure 2b) to test for the provenance
variation in growth and survival when environmental factors vary.
Seedling height and biomass were measured as indicators of early
performance, as they reflect how strong and competitive the seed-
lings are and help evaluate reforestation success. The seedlings were
obtained from a nearby forest nursery (Svenska Skogsplantor) and
were cultivated in peat-filled nursery containers. Provenances were
selected to represent one local provenance and two non-local prov-
enances for each species (Table 2) while at the same time reflecting
seedling transfer practice by Swedish forestry (Hallsby et al., 2013).
For P. sylvestris, this involves transferring provenances to more
southern latitudes, where they will encounter a warmer climate
and produce their bud set earlier in autumn so that they are less
exposed to autumn frost damage (Berlin et al., 2016). For P. abies,
this involves moving provenances to more northern latitudes where
they experience bud burst later in spring, and therefore avoid the
risk of spring frost damage (Lundstréomer, 2021), and grow for longer
in the autumn. Prior to planting, the total above-ground length and
dry weight differed among provenances within species, and P. abies
seedlings were overall taller than were those of P. sylvestris (Table 2).

During late autumn (after bud set) each year from 2017 to 2019
inclusive, the total height of each live planted seedling was re-
corded. In November 2019, all seedlings were harvested, and the
above-ground part (excluding roots) of each seedling was placed in a
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TABLE 2 Information about the P. abies and P. sylvestris seed and seedling provenances used in this study.
Seed Climate transfer Mean +SE
Latitude N Year of orchard provenance distance in seedling Mean + SE
and altitude establishment (latitude Seedling mean annual heightat seedling dry
Seed orchardand (m)ofseed and numberof N of seed provenance temperature (A planting weight at
Species stand name orchard clones collection) (latitude N)* MAT) units® (cm)© planting (g)¢
Picea abies FP-502 Lilla Istad ~ 56°57’; 10 1986; 140 56°55' 56°30’ -2.1(-1.6) 19.1+0.6 1.4+0.1
FP-66 Saleby 58°24'; 70 Unknown; 38 59°12’ 59°00’ -0.6 (-0.9) 21.4+0.5 1.0+0.0
FP-508 Almnas® 58°15; 125 1987; 125 59°34' 59°00’ -0.6 (-0.5) 18.7+0.6 09+0.1
Pinus sylvestris FP-603 Lycksta® 59°41; 45 1984; 64 60°58' 60°00’ 0.6 (-0.2) 10.2+0.5 1.2+0.1
FP-621 Vasterhus  63°19; 15 1991; 28 63°50’ 63°30’ 2.3(1.7) 10.4+04 0.8+0.1
FP-609 Moliden 63°28'; 20 1984; 192 67°00’ 65°30’ 4.8(3.6) 10.5+0.5 0.6+0.0

?Seedling provenance is an estimated mean latitude and based on seed provenance and probability of outcrossing (background pollination) at the

seed orchard.

bCalculated by subtracting the mean annual temperature (MAT) at the planting site from the MAT of the seedling provenance climate. Numbers
within parentheses are calculated by subtracting the MAT at the planting site from the MAT at the latitude of the seed orchard. The MAT values are
extracted from the closest meteorological station (SMHI) of the latitude and altitude of the seed orchard over the normal periods 1961-1990 and

1991-2020. Source: Svenska skogsplantor AB and Skogsstyrelsen.

“One-way ANOVA to detect differences in above-ground seedling height between provenances for P. abies: Degrees of freedom (df), denominator
df=2, 27, F=7.600, p=0.002. Pairwise differences among means detected between Saleby-Almnés and Saleby-Lilla Istad. P. sylvestris: Degrees of

freedom (df), denominator df=2, 27, F=0.064, p=0.938.

90ne-way ANOVA to detect differences in above-ground seedlings biomass between provenances for P. abies: Degrees of freedom (df), denominator
df=2, 27, F=9.089, p<0.001. Pairwise differences among means detected between Lilla Istad-Almnis. P. sylvestris: Degrees of freedom (df),
denominator df =2, 27, F=17.17, p<0.001. Pairwise differences among means detected between Moliden-Lycksta and Vasterhus-Lycksta.

*Recommended (local) provenance at the field site.

separate paper bag. The seedlings were oven dried at 65°C for 48h
and were thereafter weighed to obtain the total above-ground bio-
mass, including stem and needles. Tree seedling survival data were
obtained in October 2019 by counting surviving tree seedlings per
plot.

The experiment was set up with the three provenances of each
seedling species planted within each experimental plot; these plots
represented a fully factorial design, including two fire severities (high
vs. low) x two logging treatments (salvage logged vs. unlogged) x two
warming treatments (warming vs. ambient) x ericaceous competition
(removal vs. intact) x seven stand replicates, resulting in 112 plots in
total (Figure 2).

2.4 | Statistical analyses

We applied a mixed model with a hierarchical design, where seed-
ling total above-ground biomass served as the dependent variable
and fire severity, salvage logging, warming, shrub removal and prov-
enances were fixed factors. Our units of true replication were the
individual stands; we used 14 distinct stands in total, that is 7 of high
fire severity and 7 of low fire severity. Stand identity (ID) served as a
random factor in the model, which effectively paired treatments of
fire severity with non-logging or salvage logging operation together
at the stand level. Further, to build additional hierarchal levels of
the experimental design in the model, we applied random factors,
where salvage logging was nested within stand ID, and warming and
presence of shrubs were randomized within each combination of

fire severity and salvage logging. Since provenance has the lowest
hierarchal level, it was not included as a random factor. The data for
the two species (P. sylvestris and P. abies) were analysed separately.
Three-way interactions were included in the analysis, but higher-
order interactions were excluded from the model. Main effects were
reported alongside interaction terms to aid interpretation and pro-
vide context, especially for variables relevant to forest management,
while acknowledging that interactions may influence the meaning or
strength of the main effects. For total above-ground seedling height,
we used the same model as above, but we included year as a fixed
factor to account for repeated measurements of individual seedlings
across the years, and plant identity (i.e. the identity of each plant
that was repeatedly measured every year) as a random factor. We
fitted a linear mixed effects model using the ‘Ime4’ R package (Bates
etal., 2015). To assess the significance of fixed effects, we conducted
analyses analogous to ANOVA using the Type Ill test implemented in
the ‘ImerTest’ package (Kuznetsova et al., 2017), and pairwise differ-
ences between treatment means were evaluated using Tukey's post
hoc test implemented in the ‘emmeans’ package (Lenth et al., 2020).
In cases where assumptions of homogeneity of variance were not
met, the data were log(x)-transformed. Results are presented on the
original scale for visualization and interpretability. The mixed effects
models were tested for normality of residuals.

To evaluate the effects of fire severity, salvage logging, tem-
perature and shrub removal, and their interactions, on tree seedling
mortality, we used a generalized linear mixed model (GLMM) with a
binomial error distribution. The model was appropriate for analys-
ing binary mortality outcomes (dead or alive), while accounting for
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fixed effects (fire severity, salvage logging, warming, shrub removal
and provenances) and a random effect (Stand ID). Each tree species
was tested separately. We assessed the significance of each fixed
effect using a log-likelihood ratio test with a chi-square distribution,
implemented through the ANOVA function in the ‘car’ package (Fox
& Weisberg, 2019).

The effects of fire severity, salvage logging, temperature and
shrub removal on total vegetation cover (i.e. total number of in-
tercepts by 100 points) were evaluated using generalized linear
mixed effects models (GLMMs) from the ‘Ime4’ package (Bates
et al., 2015). Since the response variable comprised count data and
did not conform to normality assumptions, we evaluated multiple
GLMMs assuming Poisson error distribution and compared their
performance using the ‘performance’ package (Liidecke et al., 2021).
The final model, a Poisson GLMM without singularity or overdisper-
sion, was selected for further analysis. Fire severity, salvage logging,
temperature and shrub removal served as the fixed factors, and site
identity (stand ID) was included as a random factor. Statistical sig-
nificance between treatments was assessed by performing ANOVA
on the model package ‘car’ (Fox & Weisberg, 2019), and pairwise
difference between group means was evaluated using Tukey's post
hoc test (‘emmeans’ package (Lenth et al., 2020)). Experimental
plots within stands were randomly positioned in the field, and the
data were therefore assumed to be randomly distributed. In cases
where assumptions of homogeneity of variance were not met for
other continuous variables, a log(x) transformation was applied.
Results are presented on the original scale to help visualization and
interpretability.

We analysed the biomass of removed ericaceous shrubs (re-
sponse variable) using a one-way ANOVA to test the effect of fire
severity. Analyses were conducted separately for unlogged and
salvage-logged stands. In the case of significant ANOVA results,
Tukey's post hoc test was then applied to detect pairwise differ-
ences among means. The above-ground seedlings height and bio-
mass at the time of planting were analysed with one-way ANOVA
followed by Tukey's post hoc test.

All statistical analyses were performed in R Core Team (2025),
except the statistical analyses in Table 1, where SPSS (SPSS version
24, IBM Corp., Armok, NY, USA) was applied. The figures were cre-
ated with GraphPad Prism version 8.4.3 for Macintosh (GraphPad
Software, La Jolla California USA).

3 | RESULTS

3.1 | Seedling survival following experimental
treatments

Approximately 80% of seedlings survived to the end of the experi-
ment (Table S3). We observed no statistical difference across treat-
ments in seedling mortality (Table S4). However, across all treatment
combinations, the mortality was higher in sites with high (23%) than
lower (17%) fire severity (Table S3).

3.2 | Above-ground biomass of tree seedlings
following experimental treatments

The above-ground tree biomass response differed between tree spe-
cies. We observed significant main effects of fire severity, salvage log-
ging, warming, presence of shrubs and seedling provenances on the
above-ground biomass of P. sylvestris seedlings, while only main ef-
fects of warming, shrub removal and provenance were significant for P.
abies seedlings (Table 3). When these main effects occurred, the seed-
lings grew overall better in sites exposed to high fire severity, salvage
logging, elevated temperature and shrub removal. Across all treat-
ments, Picea abies had the lowest biomass for the local provenance
and the highest biomass for the southernmost provenance (Figure 3h).
For P. sylvestris, the local provenance had the highest biomass, and the
northernmost provenance had the lowest biomass (Figure 3d). We
observed a two-way interaction effect of fire severity and salvage
logging for both species (Table 3), because both species had lowest
biomass in unlogged sites with low fire severity (Figure 3a,e).

3.3 | Seedling height following experimental
treatments

We observed significant main effects of fire severity, salvage log-
ging, warming, provenance and year for P. sylvestris seedlings, and
main effects of warming, shrub removal, provenance and year on
P. abies seedling height (Table 4). Over time, P. sylvestris seedlings
grew taller in high fire severity sites and in salvaged logged stands
(Figure 4a,b). Both species grew taller in plots with elevated temper-
ature, but only P. abies was responsive to ericaceous shrub removal
by growing taller when shrubs were removed (Figure 4c,h,i). The
northernmost provenance of P. sylvestris had a lower total height
than did the other two provenances (Figure 4e). For P. abies, the
southernmost provenance grew taller than the local one (Figure 4j).

Pinus sylvestris showed a two-way interaction effect between warm-
ing and provenances, and P. abies seedlings had also a two-way interac-
tion effect with fire severity and provenances (Table 4; Figure 5). As
such, there were no differences between the provenances of P. sylves-
tris grown in the plots with elevated temperature, but they all increased
in height compared to their corresponding provenance grown in ambi-
ent temperature (Figure 5a). Also, while the most northern provenance
of P. sylvestris had the lowest growth overall, it showed the greatest
positive response to warming in terms of height increment of all the
provenances (Figure 5a). Meanwhile, the local population of P. abies had
the lowest total seedling height in low fire severity stands than did any

provenances in either high or low fire severity stands (Figure 5b).
3.4 | Indirect effects of fire through vegetation
responses

Total vegetation cover (presented in Tables S5 and Sé; Figure S2)
was higher in salvage logged than in unlogged plots, primarily due to
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Total above-ground biomass

and interactive effects of fire severity Pinus sylvestris Picea abies

(FS), salvage logging (SL), experimental

warming (OTC), shrub removal (SRB) df? F-value p-value df? F-value p-value

and provenances (PR) on total above- Fs 1,12.0 14.032 0003 1,119 0566 0.466

ground biomass of P. abies and P. sylvestris

seedlings. SL 1,12.0 25.147 <0.001 1,11.9 3.082 0.105
oTC 1,68.7 8.001 0.006 1,64.9 4.457 0.039
SRB 1,68.4 5.094 0.027 1,65.8 5.708 0.020
PR 2,153.0 16.832 <0.001 2,146.5 9.600 <0.001
FSxOTC 1,689 0.101 0.751 1,65.0 0.940 0.336
FSxSRB 1,68.1 2.991 0.088 1,65.6 3.761 0.057
FSxSL 1,12.0 11.293 0.006 1,119 8.406 0.013
FSxPR 2,151.7 1.777 0.173 2,146.6 2.133 0.122
SLxOTC 1,68.7 1.431 0.236 1,64.8 0.477 0.492
SLxSRB 1,68.6 0.029 0.866 1, 65.9 0.191 0.664
SLxPR 2,153.3 0.051 0.950 2,146.1 0.904 0.407
OTCxSRB 1,68.6 2.169 0.145 1,66.4 1.376 0.245
OTCxPR 2,152.9 0.733 0.482 2,146.5 0.372 0.690
SRBx PR 2,153.2 0.503 0.605 2,146.5 0.189 0.828

Note: Three provenances per tree species are included. Corresponding mean values are presented
in Figure 3. Bold F- and p-values are significant at an alpha value of 0.05. Three-way interaction
effects were all non-significant.

@Numerator degrees of freedom, denominator degrees of freedom.

an increased abundance of colonizing deciduous trees. Two-way in-
teractions were observed between fire severity x warming and sal-
vage logging x warming, where warming increased vegetation cover
under high fire severity, but decreased it under low fire severity. The
highest total vegetation cover occurred in salvage-logged plots with
high fire severity under warming. Three-way interactions between
fire severity x salvage logging x warming and fire severity x warm-
ing x presence of shrubs were also detected. Under low fire severity,
total vegetation cover was lowest in unlogged ambient temperature
plots with shrubs present. When shrubs were removed, warming
had no effect on vegetation cover at low fire severity. The highest
total vegetation cover was observed in warmed plots with high fire

severity, regardless of shrub presence.

4 | DISCUSSION

4.1 | Effects of fire severity on tree
seedling growth

We found only partial support for our first hypothesis (i.e. that
seedlings will grow better in stands subjected to high-severity than
low-severity fire), because high fire severity increased total above-
ground biomass and height for P. sylvestris while the growth of P.
abies was unresponsive. Pinus sylvestris is a faster growing early suc-
cessional species that benefits from increased light availability (de
Chantal et al., 2003) under high fire severity, that is, extensive tree
mortality and tree defoliation. Also, nutrient availability can increase

initially after fire, and elevated nutrient levels shortly after fire have
previously been shown to be important for the regeneration of
P. sylvestris (Ibafiez, Wardle, et al., 2022; Pausas et al., 2002).
However, while the depth of the remaining organic layer differed
among high and low fire severity sites, fire severity did not affect
nutrient availability. Soil total %N (Table S2) and concentrations of
inorganic N (i.e. NH4+ and NO;") were similar among high and low
fire severity sites (Ibanez, Ritting, et al., 2022). This indicates that,
at our sites, the growth response of P. sylvestris in relation to fire
severity was more dependent on changes in light availability than
changes in nutrient availability. However, this appears not to be the
case for P. abies, which is a late successional shade-tolerant species,
and therefore less likely to benefit from increased light availability
under high fire severity (de Chantal et al., 2003).

4.2 | Interactive effects of fire severity and
experimental warming on tree seedling growth

For the second hypothesis, we expected experimental warming to
increase seedling growth, and for this effect to be greater in low fire
severity stands, where parts of the soil organic layer remain. Our
alternative hypothesis predicted anincrease in seedling mortality and
reduced growth of P. abies. We found that warming alone stimulated
biomass and height growth of both P. sylvestris and P. abies, which
may be driven by enhanced rates of nutrient cycling and supply in the
soil (Hartley et al., 1999), or through promoting plant photosynthesis
and respiration rates (Kurepin et al., 2018). These findings partly

85UB01 T SUOWILLIOD AIIERID B|qedi(dde ay) Aq peuseno a1e ssjoie O ‘8sN JO SajnJ o} Akeiq18UlUO /311 UO (SUONIPUD-PUR-SLUIBY WD A3 1M A1 1[ou UO//STIY) SUONIPUOD PuUe SWie | 8y} 88S [9202/20/20] U0 A%iqiauluo A8 (1M ‘Bulupeseg sustels Ad Z9T0L 799Z-G9ET/TTTT OT/I0pAL0d™ A8 im Ale.q i puljuo's feuno fsaqy/sdny wouy papeojumod ‘0T ‘SZ0Z ‘99ZS9ET



IBANEZ 7 AL.

2666

Pinus sylvestris
(a) Salvaged

logged Unlogged
200 a9 ag

150+
100+
50+

Aboveground biomass (g)

High Low High Low
(b) Fire severity
200

150+
100+

Aboveground biomass (g)

K T
Elevated Ambient

Temperature
(c)

200
150+
100+

Aboveground biomass (g)

T T
Removal Intact
Precence of ericaceous shrub
(d)
200

150+
100+

Aboveground biomass (g)

Provenance

(e)

Picea abies

Salvage
logged Unlogged

200
150+
100+

50+

High Low High Low
Fire severity

()]

T T
Elevated Ambient
Temperature

200
150+
100+

(h)

T T
Removal Intact
Precence of ericaceous shrub

200
150+
100+

Provenance

FIGURE 3 Mean+SE of total above-ground biomass of P. sylvestris and P. abies seedlings in response to fire severity and salvage logging
(a, e), warming treatment (b, f), shrub removal (c, g) and of each seedling provenance across all treatment combinations (d, h) in November
2019. 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 (F- and p-values) are reported in Table 3.

contradict the results from a field study by Jessen et al. (2023) which
reported neutral responses of P. abies to experimental warming
regardless of fire successional stage. Similarly, Marty et al. (2020)

did not observe a positive growth response of P. mariana seedlings
to soil warming. In contrast, our findings align more closely with the
work of Okano et al. (2021), who found that P. glauca seedlings in
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Total seedling height

and interactive effects of fire severity Pinus sylvestris Picea abies

(FS), salvage logging (SL), experimental

warming (OTC), shrub removal (SRB), df? F-value p-value df? F-value p-value

provenances (PR) and year (YR} on Fs 1,121 20980 <0001 1,120 0.091 0.768

seedlings total height of P. abies and P.

sylvestris analysed across years. SL 1,121 18.684 0.001 1,12.0 2.756 0.123
oTC 1,70.5 75.044 <0.001 1,70.3 44962 <0.001
SRB 1,715 0.931 0.338 1,70.3 7.703 0.007
PR 2,177.7 12.792 <0.001 2,175.2 4.393 0.014
YR 2,505.1 1545.109 <0.001 2,499.0 582.287 <0.001
FSxOTC 1,70.5 0.002 0.967 1,70.2 1.734 0.192
FSxSRB 1,71.2 1.402 0.240 1,70.3 0.098 0.756
FSxSL 1,121 3.014 0.108 1,12.0 4.468 0.056
FSxPR 2,177.5 1.134 0.324 2,175.4 3.758 0.025
FSxYR 2,504.1 19.259 <0.001 2,499.4 6.183 0.002
SLxOTC 1,709 0.268 0.606 1,70.5 0.005 0.943
SLxSRB 1,71.2 0.873 0.353 1,70.5 0.080 0.778
SLxPR 2,178.4 2.302 0.103 2,175.0 0.139 0.870
SLxYR 2,504.8 9.234 0.001 2,499.1 12.334 <0.001
OTCxSRB 1,711 0.238 0.627 1,70.1 2.728 0.103
OTCxPR 2,177.3 3.842 0.023 2,175.5 1.000 0.370
OTCxYR 2,505.9 19.539 <0.001 2,499.6 3.999 0.019
SRBx PR 2,178.3 0.161 0.851 2,175.3 0.014 0.986
SRBxYR 2,505.0 2.151 0.117 2,499.2 0.297 0.743
PRxYR 4,505.9 1.957 0.100 4,500.2 0.158 0.959

Note: Corresponding mean values are presented in Figures 4 and 5. Bold F- and p-values are
significant at an alpha value of 0.05. Three-way interactions are in some cases significant as
follows for Picea abies: (FSxSLxYR; F=24.119, p<0.001), (FSxSRBxYR; F=8.570, p<0.001),
(OTCxSRBxYR; F=6.473, p<0.002) and for Pinus sylvestris: (FSxSLx OTC; F=7.418, p=0.008),
(FSxOTCxPR; F=3.272, p=0.040), (FSxSLxYR; F=18.862, p<0.001).

Numerator degrees of freedom, denominator degrees of freedom.

high-altitude forests grew larger following warming. This could in
part be due to our warming treatment not causing the temperature
to increase to the level needed for induction of thermal stress in P.
abies (Kunert et al., 2022). Inconsistent with our second hypothesis,
we did not detect any interactive effects of warming and fire severity
on seedling growth. A likely mechanism is that seedlings of both
tree species grew taller in the warming treatment to access light,
because the other plants (such as grasses and naturally established
fast-growing deciduous trees) also grew taller in the warmed plots
and competed with them for light, and that this effect overrides the

importance in variation of organic layer depth (Figure S2; Table S6).

4.3 | Interactive effects of fire severity and
presence of ericaceous shrub on tree seedling growth

In support of our third hypothesis, we found impaired seedling bio-

mass for both species in plots where ericaceous shrubs were present,

though only P. abies also showed reduced height. Stress-tolerant
late successional species are often poorer competitors, and P. abies
could therefore be expected to be more responsive to treatments
that involve varying levels of competition imposed from other plants
(Grime, 1977). Further, it is well known that understory ericaceous
shrubs can be detrimental for seedling regeneration due to them
both being strong resource competitors and producing allelochemi-
cals against other plants (Jaderlund et al., 1996; Nilsson, 1994). Most
ericaceous species can survive low-severity fires by resprouting
from underlying rhizomes when the organic layer is not fully con-
sumed by the fire (Mallik, 1993; Matlack et al., 1993), and consistent
with this, the recovery of ericaceous species in unlogged sites under
low fire severity was greater than in unlogged sites under high fire
severity (Table S1). In contrast to our third hypothesis, we did not see
any interactive effects between fire severity and shrub removal on
seedling growth. This means that shrub impairment of tree seedling
growth was relatively constant across fire severity treatments, de-

spite the differences in shrub biomass observed among them.
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FIGURE 4 Meanx+SE of seedling height of P. sylvestris and P. abies seedlings measured in October/November each year from 2016

to 2019, in response to the main effects of (a, f) fire severity, (b, g) salvage logging, (c, h) warming, (d, i) shrub removal and (e, j) seedling
provenance. The standard error (SE) bars are not visible when they are smaller than the symbol representing the mean value. The p-values
shown refer to statistically significant ANOVA results at p<0.05. All ANOVA results are reported in Table 4. Lower case letters indicate
statistical significance over all three measurement years according to Tukey's post hoc test p<0.05.
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4.4 | Interactive effects of fire severity and salvage
logging on tree seedling growth

In partial support of our fourth hypothesis, we found that on average
across fire severity levels salvage logging enhanced biomass growth
of P. sylvestris (but not P. abies) seedlings, and that salvage logging
enhanced seedling growth of both species only in the low fire se-
verity stands (Figure 3a,e). This effect of logging is likely due to the
reduction of shading and competition resulting from the removal of
scorched standing but still living trees. Further, the occurrence of
this effect of logging for only low-severity fire stands is likely be-
cause low fire severity sites had a larger proportion of living trees
with green foliage, and salvage logging of these stands (and thus re-
moved damaged live trees) would have therefore resulted in these
positive effects being greater.

2017 2018 2019

Year

4.5 | Interactive effects of provenances and
experimental warming on tree seedling growth

Consistent with our fifth hypothesis, we found several differences
in growth rates between provenances. The local provenance of P.
abies had a lower biomass production than did the most southern
provenance, whereas the local provenance for P. sylvestris obtained
a higher biomass than did the most northern provenance; how-
ever, this did not impact seedling survival (Figure 3). This indicates
that northern movement of seedlings to cooler conditions is ben-
eficial for P. abies seedling growth, whereas southern movement
of P. sylvestris to warmer conditions is detrimental. We note that
the farthest north provenance of Pinus sylvestris, which showed
the poorest performance, was transplanted beyond its tolerable
latitudinal range. Forest managers are aware of these constraints
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and generally avoid transferring provenances beyond their adaptive
range to minimize risks of poor performance. As such, P. sylvestris
seedlings moved too far south may be sensitive to the increase in
temperature and day length because bud burst would occur ear-
lier in spring, making seedlings more vulnerable to spring frost
(Hanninen, 1991). In partial support of our fifth hypothesis, we did
observe a significant interactive effect between provenance and
climate warming on the height growth of P. sylvestris, though not
of P. abies (Table 4). Specifically, the northernmost provenance of
P. sylvestris, which was subjected to the greatest climate transfer
distance, showed the greatest growth response to warming, and
the local provenance the least. One explanation could be that while
P. sylvestris seedlings moved south would be exposed to a longer
growing season because they are more adapted to start growing at
lower temperatures earlier in spring, they would also be less likely
to encounter spring frost (and thus frost damage) in the warming
treatment relative to the un-warmed control. The climate transfer
distance for all P. abies provenances was negative (all were moved
northwards), and the warming effect of the OTC might not have
been strong enough to induce differences in responses among the

P. abies provenances.

4.6 | Management implications

Our findings provide important guidance for forest managers aim-
ing to promote post-fire recovery in coniferous forests under
changing climatic conditions. We demonstrate that artificial regen-
eration through planting, commonly used after conventional clear-
cut harvesting (Orlander et al., 1990), is also an effective strategy
for restoring P. sylvestris and P. abies following wildfire, particularly
where natural regeneration is insufficient, which is a situation that
is expected to become more common with increasing frequency
and severity of fires driven by climate change (Baltzer et al., 2021;
Burrell et al., 2022; Stevens-Rumann et al., 2018). Salvage logging,
often debated because of the ecological trade-offs (Lindenmayer &
Noss, 2006; Thorn et al., 2018), was able to support seedling growth
under certain conditions. As such, on sites with high fire severity,
salvage logging can be strategically applied to create open, low-
competition environments that are favourable for the establishment
and growth of P. sylvestris, a pioneer species that is likely, at least in
the short term, to benefit from warmer post-fire conditions (Saravesi
etal.,, 2019; Zhao et al., 2024). On sites with low fire severity, salvage
logging may facilitate the development of fast-growing deciduous
species (Gustafsson et al., 2019), which in turn can create favourable
microhabitats which then support the regeneration of the shade-
tolerant P. abies (Valkonen & Valsta, 2001). However, it is important
to acknowledge that this study focused on tree seedling responses
and did not evaluate broader ecosystem-level impacts of salvage
logging. Documented negative effects, such as reductions in biodi-
versity, alterations of soil properties and microclimates, and loss of
deadwood habitat, should be carefully weighed when planning post-
fire interventions (Bowd et al., 2019; Lindenmayer & Noss, 2006;

Marcolin et al., 2019; Thorn et al., 2018). Adaptive management ap-
proaches that balance timber recovery with ecological integrity are
therefore recommended.

In addition to logging practices, our results underscore the
need to manage competing understory vegetation (Nilsson &
Wardle, 2005). The presence of ericaceous shrubs negatively af-
fected seedling growth, and their expected increase under climate
change may pose a growing challenge to tree regeneration efforts
(Jessen et al., 2023). However, shrub cover was similar in warmed
and ambient plots. Mechanical or manual removal of such vegetation
could enhance planting success, especially in areas of dense shrub
cover. We also found that warming itself had a direct positive effect
on seedling growth, suggesting that post-fire recovery rates may
improve in some regions despite harsher fire regimes. Finally, our
study highlights the potential of assisted migration as a viable tool
for improving seedling performance under future climate conditions
(Chakraborty et al., 2024). Northward movement of P. abies and
southward movement of P. sylvestris provenances led to improved
growth, indicating that selection of climate-adapted genetic material
should be considered in reforestation planning.

Ultimately, effective post-fire forest management in boreal sys-
tems may benefit from an integrated approach that considers fire
severity, salvage logging impacts, vegetation dynamics, warming ef-
fects and genetic adaptation. Such strategies can improve resilience

and ensure sustainable forest recovery in a rapidly changing climate.

AUTHOR CONTRIBUTIONS

TheresaS. Ibafez: Conceptualization (equal); data curation (lead); for-
mal analysis (equal); investigation (equal); methodology (equal); visu-
alization (equal); writing original draft and editing (equal). Michael J.
Gundale: Conceptualization (equal); investigation (equal); methodol-
ogy (equal); supervision (equal); visualization (equal); writing original
draft; review and editing (equal). David A. Wardle: Conceptualization
(equal); investigation (equal); methodology (equal); supervision
(equal); visualization (equal); writing original draft; review and edit-
ing (equal). Héléne Barthelemy: Data curation (equal); investigation
(equal); writing review and editing (supporting). Joachim Strengbom:
Methodology (equal); writing review and editing (supporting). Gustaf
Granath: Methodology (equal); writing review and editing (support-
ing). Kishore Vishwanathan: Data curation (equal); formal analysis
(equal); visualization (equal); writing review and editing (supporting).
Marie-Charlotte Nilsson: Conceptualization (equal); data curation
(lead); funding acquisition (lead); investigation (equal); methodology
(equal); project administration (lead); supervision (lead); visualization

(equal); writing original draft and editing (equal).

ACKNOWLEDGEMENTS

This study was funded by Formas (2014-01858) and a Trees and
Crops for the Future (TC4F) grant to MCN. We wish to thank Morgan
Karlsson, Marie-Lou Novene, Clydecia Spitzer, Kelley R. Bassett and
Camille Martinez Almoyna for assisting in the field and Johannes

Forkman for help with building the statistical models.

85UB01 T SUOWILLIOD AIIERID B|qedi(dde ay) Aq peuseno a1e ssjoie O ‘8sN JO SajnJ o} Akeiq18UlUO /311 UO (SUONIPUD-PUR-SLUIBY WD A3 1M A1 1[ou UO//STIY) SUONIPUOD PuUe SWie | 8y} 88S [9202/20/20] U0 A%iqiauluo A8 (1M ‘Bulupeseg sustels Ad Z9T0L 799Z-G9ET/TTTT OT/I0pAL0d™ A8 im Ale.q i puljuo's feuno fsaqy/sdny wouy papeojumod ‘0T ‘SZ0Z ‘99ZS9ET



IBANEZ €7 AL.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
Data available from the Swedish National Data Service https://doi.
org/10.5878/xnw1-4y91 (Ibanez & Nilsson, 2025).

ORCID

Theresa S. Ibdiez
Michael J. Gundale
David A. Wardle
Hélene Barthelemy

https://orcid.org/0000-0003-2459-5945
https://orcid.org/0000-0003-2447-609X
https://orcid.org/0000-0002-0476-7335
https://orcid.org/0000-0002-7209-948X
Joachim Strengbom "= https://orcid.org/0000-0002-1720-5016
Gustaf Granath "= https://orcid.org/0000-0002-3632-9102
Kishore Vishwanathan "= https://orcid.org/0000-0002-6570-7133

Marie-Charlotte Nilsson "= https://orcid.org/0000-0002-9254-2223

REFERENCES

Aakala, T., Pasanen, L., Helama, S., Vakkari, V., Drobyshev, I., Seppa,
H., Kuuluvainen, T., Stivrins, N., Wallenius, T., Vasander, H., &
Holmstrém, L. (2018). Multiscale variation in drought controlled
historical forest fire activity in the boreal forests of eastern
Fennoscandia. Ecological Monographs, 88(1), 74-91. https://doi.org/
10.1002/ecm.1276

Allison, S. D., & Treseder, K. K. (2008). Warming and drying suppress
microbial activity and carbon cycling in boreal forest soils. Global
Change Biology, 14(12), 2898-2909. https://doi.org/10.1111/j.
1365-2486.2008.01716.x

Archibald, S., Lehmann, C. E., Gémez-Dans, J. L., & Bradstock, R. A.
(2013). Defining pyromes and global syndromes of fire regimes.
Proceedings of the National Academy of Sciences of the United States
of America, 110(16), 6442-6447. https://doi.org/10.1073/pnas.
1211466110

Arft, A. M., Walker, M. D., Gurevitch, J., Alatalo, J. M., Bret-Harte, M.
S., Dale, M., Diemer, M., Gugerli, F., Henry, G. H. R., Jones, M. H,,
Hollister, R. D., Jonsdéttir, I. S., Laine, K., Lévesque, E., Marion,
G. M., Molau, U., Mglgaard, P., Nordenhill, U., Raszhivin, V., ...
Wookey, P. A. (1999). Responses of tundra plants to experimental
warming: Meta-analysis of the international tundra experiment.
Ecological Monographs, 69(4), 491-511. https://doi.org/10.1890/
0012-9615(1999)069[0491:ROTPTE]2.0.CO;2

Atchley, A. L., Kinoshita, A. M., Lopez, S. R., Trader, L., & Middleton, R.
(2018). Simulating surface and subsurface water balance changes
due to burn severity. Vadose Zone Journal, 17(1), 1-13. https://doi.
org/10.2136/vzj2018.05.0099

Baltzer, J. L., Day, N. J., Walker, X. J., Greene, D., Mack, M. C., Alexander,
H.D., Arseneault, D., Barnes, J., Bergeron, Y., Boucher, Y., Bourgeau-
Chavez, L., Brown, C. D., Carriere, S., Howard, B. K., Gauthier, S.,
Parisien, M., Reid, K. A., Rogers, B. M., Roland, C,, ... Johnstone, J. F.
(2021). Increasing fire and the decline of fire adapted black spruce
in the boreal forest. Proceedings of the National Academy of Sciences
of the United States of America, 118(45), e2024872118. https://doi.
org/10.1073/pnas.2024872118

Bates, D., Méchler, M., Bolker, B., & Walker, S. (2015). Fitting linear
mixed-effects models using Ime4. Journal of Statistical Software, 67,
1-48. https://doi.org/10.18637/jss.v067.i01

Beckage, B., Kloeppel, B. D., Yeakley, J. A., Taylor, S. F., & Coleman, D. C.
(2008). Differential effects of understory and overstory gaps on
tree regeneration. The Journal of the Torrey Botanical Society, 135(1),
1-11. https://doi.org/10.3159/07-RA-034.1

2671

Bennett, A. C., McDowell, N. G,, Allen, C. D., & Anderson-Teixeira, K. J.
(2015). Larger trees suffer most during drought in forests world-
wide. Nature Plants, 1(10), 1-5. https://doi.org/10.1038/nplants.
2015.139

Bergh, J., Freeman, M., Sigurdsson, B., Kellomaki, S., Laitinen, K., Niinisto,
S., Peltola, H., & Linder, S. (2003). Modelling the short-term effects
of climate change on the productivity of selected tree species in
Nordic countries. Forest Ecology and Management, 183(1-3), 327-
340. https://doi.org/10.1016/5S0378-1127(03)00117-8

Berlin, M., Persson, T., Jansson, G., Haapanen, M., Ruotsalainen, S.,
Barring, L., & Andersson Gull, B. (2016). Scots pine transfer ef-
fect models for growth and survival in Sweden and Finland. Silva
Fennica, 50, 1562. https://doi.org/10.14214/sf.1562

Bonan, G. B., & Cleve, K. V. (1992). Soil temperature, nitrogen miner-
alization, and carbon source-sink relationships in boreal forests.
Canadian Journal of Forest Research, 22(5), 629-639. https://doi.
org/10.1139/x92-084

Bowd, E. J., Banks, S. C., Strong, C. L., & Lindenmayer, D. B. (2019).
Long-term impacts of wildfire and logging on forest soils. Nature
Geoscience, 12(2), 113-118. https://doi.org/10.1038/s4156
1-018-0294-2

Brathen, K. A., Gonzalez, V. T., & Yoccoz, N. G. (2018). Gatekeepers to
the effects of climate warming? Niche construction restricts plant
community changes along a temperature gradient. Perspectives in
Plant Ecology, Evolution and Systematics, 30, 71-81. https://doi.org/
10.1016/j.ppees.2017.06.005

Burrell, A. L., Sun, Q., Baxter, R., Kukavskaya, E. A., Zhila, S., Shestakova,
T.,Rogers, B. M., Kaduk, J., & Barrett, K. (2022). Climate change, fire
return intervals and the growing risk of permanent forest loss in bo-
real Eurasia. Science of the Total Environment, 831, 154885. https://
doi.org/10.1016/j.scitotenv.2022.154885

Certini, G. (2005). Effects of fire on properties of forest soils: A re-
view. Oecologia, 143(1), 1-10. https://doi.org/10.1007/s0044
2-004-1788-8

Chakraborty, D., Ciceu, A., Ballian, D., Benito Garzén, M., Bolte, A.,
Bozic, G., Buchacher, R., Cepl, J., Cremer, E., Ducousso, A., Gaviria,
J., George, J. P,, Hardtke, A., Ivankovic, M., Klisz, M., Kowalczyk,
J., Kremer, A., Lstiblrek, M., Longauer, R., ... Schueler, S. (2024).
Assisted tree migration can preserve the European forest carbon
sink under climate change. Nature Climate Change, 14(8), 845-852.
https://doi.org/10.1038/s41558-024-02080-5

Christensen, J. H., Hewitson, B., Busuioc, A., Chen, A., Gao, X., Held,
I., Jones, R., Kolli, R. K., Kwon, W. T., Laprise, R., Magana Rueda,
V., Mearns, L., Menendez, C. G., Raisanen, J., Rinke, A., Sarr, A., &
Whetton, P. (2007). Chapter 11. Regional climate projections. In S.
Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K. B. Averyt,
M. Tignor, & H. L. Miller (Eds.), Climate change 2007: The physical sci-
ence basis. Contribution of Working Group | to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change. Cambridge
University Press.

Clemmensen, K. E., Bahr, A., Ovaskainen, O., Dahlberg, A., Ekblad, A.,
Wallander, H., Stenlid, J., Finlay, R. D., Wardle, D. A., & Lindahl, B.
(2013). Roots and associated fungi drive long-term carbon seques-
tration in boreal forest. Science, 339(6127), 1615-1618. https://doi.
org/10.1126/science.1231923

Clemmensen, K. E., Finlay, R. D., Dahlberg, A., Stenlid, J., Wardle, D. A., &
Lindahl, B. D. (2015). Carbon sequestration is related to mycorrhizal
fungal community shifts during long-term succession in boreal for-
ests. New Phytologist, 205(4), 1525-1536. https://doi.org/10.1111/
nph.13208

Davis, K. T., Robles, M. D., Kemp, K. B., Higuera, P. E., Chapman, T.,
Metlen, K. L., Peeler, J. L., Rodman, K. C., Woolley, T., Addington, R.
N., Buma, B. J., Cansler, C. A., Case, M. J., Collins, B. M., Coop, J. D.,
Dobrowski, S. Z., Gill, N. S., Haffey, C., Harris, L. B., ... Campbell, J.
L. (2023). Reduced fire severity offers near-term buffer to climate-
driven declines in conifer resilience across the western United

85UB01 T SUOWILLIOD AIIERID B|qedi(dde ay) Aq peuseno a1e ssjoie O ‘8sN JO SajnJ o} Akeiq18UlUO /311 UO (SUONIPUD-PUR-SLUIBY WD A3 1M A1 1[ou UO//STIY) SUONIPUOD PuUe SWie | 8y} 88S [9202/20/20] U0 A%iqiauluo A8 (1M ‘Bulupeseg sustels Ad Z9T0L 799Z-G9ET/TTTT OT/I0pAL0d™ A8 im Ale.q i puljuo's feuno fsaqy/sdny wouy papeojumod ‘0T ‘SZ0Z ‘99ZS9ET


https://doi.org/10.5878/xnw1-4y91
https://doi.org/10.5878/xnw1-4y91
https://orcid.org/0000-0003-2459-5945
https://orcid.org/0000-0003-2459-5945
https://orcid.org/0000-0003-2447-609X
https://orcid.org/0000-0003-2447-609X
https://orcid.org/0000-0002-0476-7335
https://orcid.org/0000-0002-0476-7335
https://orcid.org/0000-0002-7209-948X
https://orcid.org/0000-0002-7209-948X
https://orcid.org/0000-0002-1720-5016
https://orcid.org/0000-0002-1720-5016
https://orcid.org/0000-0002-3632-9102
https://orcid.org/0000-0002-3632-9102
https://orcid.org/0000-0002-6570-7133
https://orcid.org/0000-0002-6570-7133
https://orcid.org/0000-0002-9254-2223
https://orcid.org/0000-0002-9254-2223
https://doi.org/10.1002/ecm.1276
https://doi.org/10.1002/ecm.1276
https://doi.org/10.1111/j.1365-2486.2008.01716.x
https://doi.org/10.1111/j.1365-2486.2008.01716.x
https://doi.org/10.1073/pnas.1211466110
https://doi.org/10.1073/pnas.1211466110
https://doi.org/10.1890/0012-9615(1999)069%5B0491:ROTPTE%5D2.0.CO;2
https://doi.org/10.1890/0012-9615(1999)069%5B0491:ROTPTE%5D2.0.CO;2
https://doi.org/10.2136/vzj2018.05.0099
https://doi.org/10.2136/vzj2018.05.0099
https://doi.org/10.1073/pnas.2024872118
https://doi.org/10.1073/pnas.2024872118
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.3159/07-RA-034.1
https://doi.org/10.1038/nplants.2015.139
https://doi.org/10.1038/nplants.2015.139
https://doi.org/10.1016/S0378-1127(03)00117-8
https://doi.org/10.14214/sf.1562
https://doi.org/10.1139/x92-084
https://doi.org/10.1139/x92-084
https://doi.org/10.1038/s41561-018-0294-2
https://doi.org/10.1038/s41561-018-0294-2
https://doi.org/10.1016/j.ppees.2017.06.005
https://doi.org/10.1016/j.ppees.2017.06.005
https://doi.org/10.1016/j.scitotenv.2022.154885
https://doi.org/10.1016/j.scitotenv.2022.154885
https://doi.org/10.1007/s00442-004-1788-8
https://doi.org/10.1007/s00442-004-1788-8
https://doi.org/10.1038/s41558-024-02080-5
https://doi.org/10.1126/science.1231923
https://doi.org/10.1126/science.1231923
https://doi.org/10.1111/nph.13208
https://doi.org/10.1111/nph.13208

2672

IBANEZ 7 AL.

States. Proceedings of the National Academy of Sciences of the United
States of America, 120(11), e2208120120. https://doi.org/10.1073/
pnas.2208120120

de Chantal, M., Leinonen, K., Kuuluvainen, T., & Cescatti, A. (2003). Early
response of Pinus sylvestris and Picea abies seedlings to an exper-
imental canopy gap in a boreal spruce forest. Forest Ecology and
Management, 176(1-3), 321-336. https://doi.org/10.1016/S0378
-1127(02)00273-6

De Long, J. R., Dorrepaal, E., Kardol, P., Nilsson, M. C., Teuber, L. M., &
Wardle, D. A. (2016). Understory plant functional groups and litter
species identity are stronger drivers of litter decomposition than
warming along a boreal forest post-fire successional gradient. Soil
Biology and Biochemistry, 98, 159-170. https://doi.org/10.1016/j.
s0ilbio.2016.04.009

Deluca, T., Nilsson, M. C., & Zackrisson, O. (2002). Nitrogen mineral-
ization and phenol accumulation along a fire chronosequence in
northern Sweden. Oecologia, 133(2), 206-214. https://doi.org/10.
1007/s00442-002-1025-2

Devi, N. M., Kukarskih, V. V., Galimova, A. A., Mazepa, V. S., & Grigoriev,
A. A. (2020). Climate change evidence in tree growth and stand
productivity at the upper treeline ecotone in the Polar Ural
Mountains. Forest Ecosystems, 7(1), 1-16. https://doi.org/10.1186/
s40663-020-0216-9

Dorrepaal, E., Aerts, R., Cornelissen, J. H., Callaghan, T. V., & Van
Logtestijn, R. S. (2004). Summer warming and increased winter
snow cover affect Sphagnum fuscum growth, structure and pro-
duction in a sub-arctic bog. Global Change Biology, 10(1), 93-104.
https://doi.org/10.1111/j.1365-2486.2003.00718.x

Fanin, N., Clemmensen, K. E., Lindahl, B. D., Farrell, M., Nilsson, M. C.,
Gundale, M. J., Kardol, P., & Wardle, D. A. (2022). Ericoid shrubs
shape fungal communities and suppress organic matter decompo-
sition in boreal forests. New Phytologist, 236(2), 684-697. https://
doi.org/10.1111/nph.18353

Field, C. B., Lobell, D. B., Peters, H. A., & Chiariello, N. R. (2007).
Feedbacks of terrestrial ecosystems to climate change. Annual
Review of Environment and Resources, 32, 1-29. https://doi.org/10.
1146/annurev.energy.32.053006.141119

Flannigan, M., Cantin, A. S., De Groot, W. J., Wotton, M., Newbery, A., &
Gowman, L. M. (2013). Global wildland fire season severity in the
21st century. Forest Ecology and Management, 294, 54-61. https://
doi.org/10.1016/j.foreco.2012.10.022

Fox, J., & Weisberg, S. (2019). An R companion to applied regression. Sage
Publications.

Gleason, K. E., Bradford, J. B., Bottero, A., D'Amato, A. W., Fraver, S.,
Palik, B. J., Battaglia, M. A,, lverson, L., Kenefic, L., & Kern, C. C.
(2017). Competition amplifies drought stress in forests across
broad climatic and compositional gradients. Ecosphere, 8(7),
e01849. https://doi.org/10.1002/ecs2.1849

Goetz, S. J., Bunn, A. G,, Fiske, G. J., & Houghton, R. A. (2005). Satellite-
observed photosynthetic trends across boreal North America asso-
ciated with climate and fire disturbance. Proceedings of the National
Academy of Sciences of the United States of America, 102(38), 13521~
13525. https://doi.org/10.1073/pnas.0506179102

Goodall, D. W. (1952). Some considerations in the use of point quad-
rats for the analysis of vegetation. Australian Journal of Biological
Sciences, 5(1), 1-41. https://doi.org/10.1071/B19520001

Granstrom, A. (2018). Brandsommaren 2018—Vad hdnde och varfér?
Report. Myndigheten for samhallsskydd och beredskap (MSB).

Grime, J. P.(1977). Evidence for the existence of three primary strategies
in plants and its relevance to ecological and evolutionary theory.
The American Naturalist, 111(982), 1169-1194.

Gundale, M. J,, DelLuca, T. H., Fiedler, C. E., Ramsey, P. W,, Harrington,
M. G., & Gannon, J. E. (2005). Restoration treatments in a Montana
ponderosa pine forest: Effects on soil physical, chemical and bio-
logical properties. Forest Ecology and Management, 213(1-3), 25-
38. https://doi.org/10.1016/j.foreco.2005.03.015

Gustafsson, L., Berglind, M., Granstrém, A., Grelle, A., Isacsson, G.,
Kjellander, P., Larsson, S., Lindh, M., Pettersson, L. B., Strengbom,
J., Stridh, B., Savstrom, T., Thor, G., Wikars, L.-O., & Mikusinski,
G. (2019). Rapid ecological response and intensified knowledge
accumulation following a north European mega-fire. Scandinavian
Journal of Forest Research, 34(4), 234-253. https://doi.org/10.
1080/02827581.2019.1603323

Hallsby, G., Redaktor, S., & Fries, C. (2013). Skogsskétselserien: Plantering
av barrtrdd.

Handler, S., Pike, C., & St. Clair, B. (2018). Assisted migration. USDA Forest
Service Climate Change Resource Center.

Hanninen, H. (1991). Does climatic warming increase the risk of frost
damage in northern trees? Plant, Cell & Environment, 14(5), 449-
454, https://doi.org/10.1111/j.1365-3040.1991.tb01514.x

Hartley, A. E., Neill, C., Melillo, J. M., Crabtree, R., & Bowles, F. P. (1999).
Plant performance and soil nitrogen mineralization in response to
simulated climate change in subarctic dwarf shrub heath. Oikos, 86,
331-343. https://doi.org/10.2307/3546450

Hayatgheibi, H., Berlin, M., Haapanen, M., Karkkainen, K., & Persson, T.
(2020). Application of transfer effect models for predicting growth
and survival of genetically selected scots pine seed sources in
Sweden. Forests, 11(12), 1337. https://doi.org/10.3390/f11121337

Henry, G. H. R., & Molau, U. (1997). Tundra plants and climate change:
The International Tundra Experiment (ITEX). Global Change Biology,
3(S1), 1-9. https://doi.org/10.1111/j.1365-2486.1997.gcb132.x

Hollister,R.D.,Elphinstone, C.,Henry,G.H.R.,Bjorkman, A.D.,Klanderud,
K., Bjork, R. G., Bjorkman, M. P., Bokhorst, S., Carbognani, M.,
Cooper, E. J., Dorrepaal, E., EImendorf, S. C., Fetcher, N., Gallois,
E. C., Gudmundsson, J., Healey, N. C., Jonsdéttir, I. S., Klarenberg,
I. J., Oberbauer, S. F., ... Wookey, P. A. (2023). A review of open
top chamber (OTC) performance across the ITEX Network. Arctic
Science, 9(2), 331-344. https://doi.org/10.1139/as-2022-0030

Hollister, R. D., & Webber, P. J. (2000). Biotic validation of small open-
top chambers in a tundra ecosystem. Global Change Biology, 6(7),
835-842. https://doi.org/10.1046/j.1365-2486.2000.00363.x

Hudson, J. M., & Henry, G. H. R. (2009). Increased plant biomass in a
high Arctic heath community from 1981 to 2008. Ecology, 90(10),
2657-2663. https://doi.org/10.1890/09-0102.1

Ibafnez, T. S., & Nilsson, M.-C. (2025). Data for: Wildfire, salvage logging,
and warming: Their interactive effects on boreal conifer reforestation
(version 1) [Data set]. Swedish University of Agricultural Sciences.
https://doi.org/10.5878/xnw1-4y91

Ibanez, T. S., Rutting, T., Nilsson, M. C., Wardle, D. A., & Gundale, M. J.
(2022). Mid-term effects of wildfire and salvage logging on gross
and net soil nitrogen transformation rates in a Swedish boreal for-
est. Forest Ecology and Management, 517, 120240. https://doi.org/
10.1016/j.foreco.2022.120240

Ibanez, T.S., Wardle, D. A., Gundale, M. J., & Nilsson, M. C. (2022). Effects
of soil abiotic and biotic factors on tree seedling regeneration fol-
lowing a boreal forest wildfire. Ecosystems, 25, 1-487. https://doi.
org/10.1007/s10021-021-00666-0

Jaderlund, A., Zackrisson, O., & Nilsson, M. C. (1996). Effects of bilberry
(Vaccinium myrtillus L.) litter on seed germination and early seed-
ling growth of four boreal tree species. Journal of Chemical Ecology,
22(5), 973-986. https://doi.org/10.1007/BF02029948

Jessen, M. T., Krab, E. J., Lett, S., Nilsson, M. C., Teuber, L., Wardle, D.
A., & Dorrepaal, E. (2023). Understory functional groups and fire
history but not experimental warming drive tree seedling perfor-
mance in unmanaged boreal forests. Frontiers in Forests and Global
Change, 6, 1130532. https://doi.org/10.3389/ffgc.2023.1130532

Johnstone, J. F., Allen, C. D., Franklin, J. F,, Frelich, L. E., Harvey, B. J.,
Higuera, P. E., Mack, M. C., Meentemeyer, R. K., Metz, M. R,, Perry,
G. L. W., Schoennagel, T., & Turner, M. G. (2016). Changing distur-
bance regimes, ecological memory, and forest resilience. Frontiers
in Ecology and the Environment, 14(7), 369-378. https://doi.org/10.
1002/fee.1311

85UB01 T SUOWILLIOD AIIERID B|qedi(dde ay) Aq peuseno a1e ssjoie O ‘8sN JO SajnJ o} Akeiq18UlUO /311 UO (SUONIPUD-PUR-SLUIBY WD A3 1M A1 1[ou UO//STIY) SUONIPUOD PuUe SWie | 8y} 88S [9202/20/20] U0 A%iqiauluo A8 (1M ‘Bulupeseg sustels Ad Z9T0L 799Z-G9ET/TTTT OT/I0pAL0d™ A8 im Ale.q i puljuo's feuno fsaqy/sdny wouy papeojumod ‘0T ‘SZ0Z ‘99ZS9ET


https://doi.org/10.1073/pnas.2208120120
https://doi.org/10.1073/pnas.2208120120
https://doi.org/10.1016/S0378-1127(02)00273-6
https://doi.org/10.1016/S0378-1127(02)00273-6
https://doi.org/10.1016/j.soilbio.2016.04.009
https://doi.org/10.1016/j.soilbio.2016.04.009
https://doi.org/10.1007/s00442-002-1025-2
https://doi.org/10.1007/s00442-002-1025-2
https://doi.org/10.1186/s40663-020-0216-9
https://doi.org/10.1186/s40663-020-0216-9
https://doi.org/10.1111/j.1365-2486.2003.00718.x
https://doi.org/10.1111/nph.18353
https://doi.org/10.1111/nph.18353
https://doi.org/10.1146/annurev.energy.32.053006.141119
https://doi.org/10.1146/annurev.energy.32.053006.141119
https://doi.org/10.1016/j.foreco.2012.10.022
https://doi.org/10.1016/j.foreco.2012.10.022
https://doi.org/10.1002/ecs2.1849
https://doi.org/10.1073/pnas.0506179102
https://doi.org/10.1071/BI9520001
https://doi.org/10.1016/j.foreco.2005.03.015
https://doi.org/10.1080/02827581.2019.1603323
https://doi.org/10.1080/02827581.2019.1603323
https://doi.org/10.1111/j.1365-3040.1991.tb01514.x
https://doi.org/10.2307/3546450
https://doi.org/10.3390/f11121337
https://doi.org/10.1111/j.1365-2486.1997.gcb132.x
https://doi.org/10.1139/as-2022-0030
https://doi.org/10.1046/j.1365-2486.2000.00363.x
https://doi.org/10.1890/09-0102.1
https://doi.org/10.5878/xnw1-4y91
https://doi.org/10.1016/j.foreco.2022.120240
https://doi.org/10.1016/j.foreco.2022.120240
https://doi.org/10.1007/s10021-021-00666-0
https://doi.org/10.1007/s10021-021-00666-0
https://doi.org/10.1007/BF02029948
https://doi.org/10.3389/ffgc.2023.1130532
https://doi.org/10.1002/fee.1311
https://doi.org/10.1002/fee.1311

IBANEZ €7 AL.

Johnstone, J. F., Chapin, F. S., lll, Foote, J., Kemmett, S., Price, K., &
Viereck, L. (2004). Decadal observations of tree regeneration fol-
lowing fire in boreal forests. Canadian Journal of Forest Research,
34(2), 267-273. https://doi.org/10.1139/x03-183

Jonasson, S. (1988). Evaluation of the point intercept method for the es-
timation of plant biomass. Oikos, 52, 101-106. https://doi.org/10.
2307/3565988

Jonsson, A. M., & Lagergren, F. (2018). Effects of climate and soil con-
ditions on the productivity and defence capacity of Picea abies in
Sweden—An ecosystem model assessment. Ecological Modelling,
384, 154-167. https://doi.org/10.1016/j.ecolmodel.2018.06.023

Keenan, R. J. (2015). Climate change impacts and adaptation in for-
est management: A review. Annals of Forest Science, 72, 145-167.
https://doi.org/10.1007/s13595-014-0446-5

Kellomaki, S., Strandman, H., Heinonen, T., Asikainen, A., Venaldinen,
A., & Peltola, H. (2018). Temporal and spatial change in diame-
ter growth of boreal scots pine, Norway spruce, and birch under
recent-generation (CMIP5) global climate model projections for the
21st century. Forests, 9(3), 118. https://doi.org/10.3390/f9030118

Kirschbaum, M. U. (1995). The temperature dependence of soil organic
matter decomposition, and the effect of global warming on soil
organic C storage. Soil Biology and Biochemistry, 27(6), 753-760.
https://doi.org/10.1016/0038-0717(94)00242-S

Kunert, N., Hajek, P., Hietz, P., Morris, H., Rosner, S., & Tholen, D. (2022).
Summer temperatures reach the thermal tolerance threshold of
photosynthetic decline in temperate conifers. Plant Biology, 24(7),
1254-1261. https://doi.org/10.1111/plb.13349

Kurepin, L. V., Stangl, Z. R., Ivanov, A. G., Bui, V., Mema, M., Hiiner, N.
P., Oquist, G., Way, D., & Hurry, V. (2018). Contrasting acclimation
abilities of two dominant boreal conifers to elevated CO2 and tem-
perature. Plant, Cell & Environment, 41(6), 1331-1345. https://doi.
org/10.1111/pce. 13158

Kuuluvainen, T., & Rouvinen, S. (2000). Post-fire understory regenera-
tion in boreal Pinus sylvestris forest sites with different fire histo-
ries. Journal of Vegetation Science, 11(6), 801-812. https://doi.org/
10.2307/3236550

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). ImerTest
package: Tests in linear mixed effects models. Journal of Statistical
Software, 82(13), 1-26. https://doi.org/10.18637/jss.v082.i13

Lenth, R., Singmann, H., Love, J., Buerkner, P., & Herve, M. (2020). em-
means: Estimated marginal means, aka leastsquares means. R package
ver. 1.6. 1.

Leverkus, A. B., Gustafsson, L., Lindenmayer, D. B., Castro, J., Rey
Benayas, J. M., Ranius, T., & Thorn, S. (2020). Salvage logging ef-
fects on regulating ecosystem services and fuel loads. Frontiers in
Ecology and the Environment, 18(7), 391-400. https://doi.org/10.
1002/fee.2219

Leverkus, A. B., Rey Benayas, J. M., Castro, J., Boucher, D., Brewer,
S., Collins, B. M., Donato, D., Fraver, S., Kishchuk, B. E., Lee, E.-
J., Lindenmayer, D. B., Lingua, E., Macdonald, E., Marzano, R.,
Rhoades, C. C., Royo, A., Thorn, S., Wagenbrenner, J. W., Waldron,
K., ... Gustafsson, L. (2018). Salvage logging effects on regulating
and supporting ecosystem services—A systematic map. Canadian
Journal of Forest Research, 48(9), 983-1000. https://doi.org/10.
1139/cjfr-2018-0114

Lidskog, R., Johansson, J., & Sjodin, D. (2019). Wildfires, responsibil-
ity and trust: Public understanding of Sweden's largest wildfire.
Scandinavian Journal of Forest Research, 34(4), 319-328. https://doi.
org/10.1080/02827581.2019.1598483

Lindenmayer, D. B., & Noss, R. F. (2006). Salvage logging, ecosystem pro-
cesses, and biodiversity conservation. Conservation Biology, 20(4),
949-958. https://doi.org/10.1111/j.1523-1739.2006.00497.x

Ludecke, D., Ben-Shachar, M. S., Patil, I., Waggoner, P., & Makowski, D.
(2021). performance: An R package for assessment, comparison
and testing of statistical models. Journal of Open Source Software,
6(60), 3139. https://doi.org/10.21105/joss.03139

2673

Lukac, M. (2016). Agriculture and Forestry Climate change report card
technical paper.

Lundstromer, J. (2021). Adaptation of Norway spruce (Picea abies (L.)
Karst.) to current and future climatic conditions. Doctoral thesis no
2021:3. Swedish University of Agricultural Sciences, Umea. ISBN:
978-91-7760-683-3.

Mack, M. C., Bret-Harte, M. S., Hollingsworth, T. N., Jandt, R. R., Schuur,
E. A, Shaver, G. R., & Verbyla, D. L. (2011). Carbon loss from an
unprecedented Arctic tundra wildfire. Nature, 475(7357), 489-492.
https://doi.org/10.1038/nature10283

MacKenzie, W. H., & Mahony, C. R. (2021). An ecological approach to
climate change-informed tree species selection for reforestation.
Forest Ecology and Management, 481, 118705. https://doi.org/10.
1016/j.foreco.2020.118705

Mallik, A. U. (1993). Ecology of a forest weed of Newfoundland:
Vegetative regeneration strategy of Kalmia angustifolia. Canadian
Journal of Botany, 71(1), 161-166. https://doi.org/10.1139/b93-018

Malvar, M. C,, Silva, F. C,, Prats, S. A., Vieira, D. C., Coelho, C. O., & Keizer,
J. J.(2017). Short-term effects of post-fire salvage logging on run-
off and soil erosion. Forest Ecology and Management, 400, 555-567.
https://doi.org/10.1016/j.foreco.2017.06.031

Marcolin, E., Marzano, R., Vitali, A., Garbarino, M., & Lingua, E. (2019).
Post-fire management impact on natural forest regeneration
through altered microsite conditions. Forests, 10(11), 1014. https://
doi.org/10.3390/f10111014

Marion, G. M., Henry, G. H. R., Freckman, D. W., Johnstone, J., Jones, G.,
Jones, M. H., Lévesque, E., Molau, U., Mglgaard, P., Parsons, A. N.,
Svoboda, J., & Virginia, R. A. (1997). Open-top designs for manipu-
lating field temperature in high-latitude ecosystems. Global Change
Biology, 3(S1), 20-32. https://doi.org/10.1111/j.1365-2486.1997.
gcbh136.x

Marqués, L., Madrigal-Gonzélez, J., Zavala, M. A., Camarero, J. J., &
Hartig, F. (2018). Last-century forest productivity in a managed
dry-edge scots pine population: The two sides of climate warming.
Ecological Applications, 28(1), 95-105. https://doi.org/10.1002/eap.
1631

Marty, C., Piquette, J., Dussault-Chouinard, E., Morin, H., Thiffault, N.,
Houle, D., Bradley, R. L., Ouimet, R., Simpson, M. J., & Paré, M. C.
(2020). Canopy nitrogen addition and soil warming affect conifer
seedlings' phenology but have limited impact on growth and soil
N mineralization in boreal forests of Eastern Canada. Frontiers in
Forests and Global Change, 3, 581363. https://doi.org/10.3389/ffgc.
2020.581363

Matlack, G. R., Gibson, D. J., & Good, R. E. (1993). Clonal propagation,
local disturbance, and the structure of vegetation: Ericaceous
shrubs in the pine barrens of New Jersey. Biological Conservation,
63(1), 1-8. https://doi.org/10.1016/0006-3207(93)90067-B

Myers-Smith, I. H., Forbes, B. C., Wilmking, M., Hallinger, M., Lantz, T,,
Blok, D., Tape, K. D., Macias-Fauria, M., Sass-Klaassen, U., Lévesque,
E., Boudreau, S., Ropars, P., Hermanutz, L., Trant, A., Collier, L. S.,
Weijers, S., Rozema, J., Rayback, S. A., Schmidt, N. M., ... Hik, D.
S. (2011). Shrub expansion in tundra ecosystems: Dynamics, im-
pacts and research priorities. Environmental Research Letters, 6(4),
045509. https://doi.org/10.1088/1748-9326/6/4/045509

Myndigheten fér samhillsskydd och beredskap. (2015). Skogsbranden i
Vdstmanland 2014. Publ.nr: MSB798—februari 2015.

Nilsson, B., Tyboni, M., Pettersson, A., Granstrém, A. & Olsson,
H. (2014). Punktgittertolkning av brandomrddet i vdstmanland.
Arbetsrapport/Sveriges lantbruksuniversitet, Institutionen for sk-
oglig resurshushallning.

Nilsson, M. C. (1994). Separation of allelopathy and resource competition
by the boreal dwarf shrub Empetrum hermaphroditum Hagerup.
Oecologia, 98(1), 1-7.

Nilsson, M. C., & Wardle, D. A. (2005). Understory vegetation as a for-
est ecosystem driver: Evidence from the northern Swedish boreal
forest. Frontiers in Ecology and the Environment, 3(8), 421-428.

85UB01 T SUOWILLIOD AIIERID B|qedi(dde ay) Aq peuseno a1e ssjoie O ‘8sN JO SajnJ o} Akeiq18UlUO /311 UO (SUONIPUD-PUR-SLUIBY WD A3 1M A1 1[ou UO//STIY) SUONIPUOD PuUe SWie | 8y} 88S [9202/20/20] U0 A%iqiauluo A8 (1M ‘Bulupeseg sustels Ad Z9T0L 799Z-G9ET/TTTT OT/I0pAL0d™ A8 im Ale.q i puljuo's feuno fsaqy/sdny wouy papeojumod ‘0T ‘SZ0Z ‘99ZS9ET


https://doi.org/10.1139/x03-183
https://doi.org/10.2307/3565988
https://doi.org/10.2307/3565988
https://doi.org/10.1016/j.ecolmodel.2018.06.023
https://doi.org/10.1007/s13595-014-0446-5
https://doi.org/10.3390/f9030118
https://doi.org/10.1016/0038-0717(94)00242-S
https://doi.org/10.1111/plb.13349
https://doi.org/10.1111/pce.13158
https://doi.org/10.1111/pce.13158
https://doi.org/10.2307/3236550
https://doi.org/10.2307/3236550
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1002/fee.2219
https://doi.org/10.1002/fee.2219
https://doi.org/10.1139/cjfr-2018-0114
https://doi.org/10.1139/cjfr-2018-0114
https://doi.org/10.1080/02827581.2019.1598483
https://doi.org/10.1080/02827581.2019.1598483
https://doi.org/10.1111/j.1523-1739.2006.00497.x
https://doi.org/10.21105/joss.03139
https://doi.org/10.1038/nature10283
https://doi.org/10.1016/j.foreco.2020.118705
https://doi.org/10.1016/j.foreco.2020.118705
https://doi.org/10.1139/b93-018
https://doi.org/10.1016/j.foreco.2017.06.031
https://doi.org/10.3390/f10111014
https://doi.org/10.3390/f10111014
https://doi.org/10.1111/j.1365-2486.1997.gcb136.x
https://doi.org/10.1111/j.1365-2486.1997.gcb136.x
https://doi.org/10.1002/eap.1631
https://doi.org/10.1002/eap.1631
https://doi.org/10.3389/ffgc.2020.581363
https://doi.org/10.3389/ffgc.2020.581363
https://doi.org/10.1016/0006-3207(93)90067-B
https://doi.org/10.1088/1748-9326/6/4/045509

2674

IBANEZ 7 AL.

https://doi.org/10.1890/1540-9295(2005)003[0421:UVAAFE]
2.0.CO;2

Okano, K., Bret-Harte, M. S., Mulder, C. P, & Juday, G. P. (2021).
Resource availability drives plant-plant interactions of conifer
seedlings across elevations under warming in Alaska. Ecosphere,
12(5), e03508. https://doi.org/10.1002/ecs2.3508

Orlander, G., Gemmel, P, & Hunt, J. (1990). Site preparation: A Swedish
overview. BC Ministry of Forests (No. 105, pp. vi + 62).

Pausas, J. G., Gimeno, T., & Vallejo, R. (2002). Fire severity and pine re-
generation in the eastern Iberian Peninsula. In Forest fire research
and wildland fire safety. Millpress (electronic edition).

Pérez-lzquierdo, L., Bengtsson, J., Clemmensen, K. E., Granath, G.,
Gundale, M. J,, Ibaiiez, T. S., Lindahl, B. D., Strengbom, J., Taylor,
A., Viketoft, M., Wardle, D. A., & Nilsson, M. C. (2023). Fire severity
as a key determinant of aboveground and belowground biological
community recovery in managed even-aged boreal forests. Ecology
and Evolution, 13(5), €10086. https://doi.org/10.1002/ece3.10086

Pérez-1zquierdo, L., Clemmensen, K. E., Strengbom, J., Granath, G.,
Wardle, D. A., Nilsson, M. C., & Lindahl, B. D. (2021). Crown-fire
severity is more important than ground-fire severity in determining
soil fungal community development in the boreal forest. Journal of
Ecology, 109(1), 504-518. https://doi.org/10.1111/1365-2745.13529

Persson, B., & Beuker, E. (1997). Distinguishing between the effects of
changes in temperature and light climate using provenance trials
with Pinus sylvestris in Sweden. Canadian Journal of Forest Research,
27(4), 572-579.

Phillips, M. L., Lauria, C., Spector, T., Bradford, J. B., Gehring, C.,
Osborne, B. B., Howell, A., Grote, E. E., Rondeau, R. J., Trimber,
G. M., Robinson, B., & Reed, S. C. (2024). Trajectories and tipping
points of piflon-juniper woodlands after fire and thinning. Global
Change Biology, 30(2), €17149. https://doi.org/10.1111/gcb.17149

Pretzsch, H., Biber, P, Schiitze, G., Uhl, E., & Rétzer, T. (2014). Forest
stand growth dynamics in Central Europe have accelerated since
1870. Nature Communications, 5(1), 4967. https://doi.org/10.1038/
ncomms5967

R Core Team (2025). R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna,
Austria. https://www.R-project.org/

Reich, P. B., & Oleksyn, J. (2008). Climate warming will reduce growth and
survival of scots pine except in the far north. Ecology Letters, 11(6),
588-597. https://doi.org/10.1111/j.1461-0248.2008.01172.x

Reich, P. B., Sendall, K. M., Stefanski, A., Rich, R. L., Hobbie, S. E., &
Montgomery, R. A. (2018). Effects of climate warming on pho-
tosynthesis in boreal tree species depend on soil moisture.
Nature, 562(7726), 263-267. https://doi.org/10.1038/s4158
6-018-0582-4

Rogers, B. M., Soja, A. J., Goulden, M. L., & Randerson, J. T. (2015).
Influence of tree species on continental differences in boreal fires
and climate feedbacks. Nature Geoscience, 8(3), 228-234. https://
doi.org/10.1038/nge02352

Saravesi, K., Markkola, A., Taulavuori, E., Syvanpera, ., Suominen, O.,
Suokas, M., Saikkonen, K., & Taulavuori, K. (2019). Impacts of ex-
perimental warming and northern light climate on growth and root
fungal communities of scots pine populations. Fungal Ecology, 40,
43-49. https://doi.org/10.1016/j.funeco.2018.12.010

Schimmel, J., & Granstrom, A. (1996). Fire severity and vegetation re-
sponse in the boreal Swedish forest. Ecology, 77(5), 1436-1450.
https://doi.org/10.2307/2265541

Shovon, T. A., Gagnon, D., & Vanderwel, M. C. (2021). Boreal conifer
seedling responses to experimental competition removal during
summer drought. Ecosphere, 12(2), e03391. https://doi.org/10.
1002/ecs2.3391

Stanturf, J. A., Iveti¢, V., & Dumroese, R. K. (2024). Framing recent ad-
vances in assisted migration of trees: A special issue. Forest Ecology

and Management, 551, 121552. https://doi.org/10.1016/j.foreco.
2023.121552

Stevens-Rumann, C. S., Kemp, K. B., Higuera, P. E., Harvey, B. J., Rother,
M. T., Donato, D. C., Morgan, P., & Veblen, T. T. (2018). Evidence
for declining forest resilience to wildfires under climate change.
Ecology Letters, 21(2), 243-252. https://doi.org/10.1111/ele.
12889

Stuiver, B. M., Wardle, D. A., Gundale, M. J., & Nilsson, M. C. (2016).
Seedling responses to changes in canopy and soil properties during
stand development following clear-cutting. Forest Ecology and
Management, 378, 31-43. https://doi.org/10.1016/j.foreco.2016.
07.009

Teskey, R., Wertin, T., Bauweraerts, |., Ameye, M., McGuire, M. A., &
Steppe, K. (2015). Responses of tree species to heat waves and
extreme heat events. Plant, Cell & Environment, 38(9), 1699-1712.
https://doi.org/10.1111/pce.12417

Thorn, S., Bassler, C., Brandl, R., Burton, P. J., Cahall, R., Campbell, J. L.,
Castro, J., Choi, C.Y., Cobb, T., Donato, D. C., Durska, E., Fontaine,
J. B., Gauthier, S., Hebert, C., Hothorn, T., Hutto, R. L., Lee, E. J.,
Leverkus, A. B., Lindenmayer, D. B., ... Mdller, J. (2018). Impacts
of salvage logging on biodiversity: A meta-analysis. Journal of
Applied Ecology, 55(1), 279-289. https://doi.org/10.1111/1365-
2664.12945

Tyukavina, A., Potapov, P., Hansen, M. C., Pickens, A. H., Stehman, S.
V., Turubanova, S., Parker, D., Zalles, V., Lima, A., Kommareddy, .,
Song, X.-P., Wang, L., & Harris, N. (2022). Global trends of forest
loss due to fire from 2001 to 2019. Frontiers in Remote Sensing, 3,
825190. https://doi.org/10.3389/frsen.2022.825190

Valkonen, S., & Valsta, L. (2001). Productivity and economics of mixed
two-storied spruce and birch stands in southern Finland simu-
lated with empirical models. Forest Ecology and Management,
140(2-3), 133-149. https://doi.org/10.1016/50378-1127(00)
00321-2

Venaldinen, A., Lehtonen, |., Laapas, M., Ruosteenoja, K., Tikkanen, O. P.,
Viiri, H., lkonen, V.-P., & Peltola, H. (2020). Climate change induces
multiple risks to boreal forests and forestry in Finland: A literature
review. Global Change Biology, 26(8), 4178-4196. https://doi.org/
10.1111/gcb.15183

Wardle, D. A., Hornberg, G., Zackrisson, O., Kalela-Brundin, M., &
Coomes, D. A. (2003). Long-term effects of wildfire on ecosystem
properties across an Island area gradient. Science, 300(5621), 972-
975. https://doi.org/10.1126/science.1082709

Welshofer, K. B., Zarnetske, P. L., Lany, N. K., & Thompson, L. A. (2018).
Open-top chambers for temperature manipulation in taller-stature
plant communities. Methods in Ecology and Evolution, 9(2), 254-259.
https://doi.org/10.1111/2041-210X.12863

White, T. L., Adams, W. T., & Neale, D. B. (Eds.). (2007). Forest genetics.
Cabi.

Whitman, E., Parisien, M. A., Thompson, D. K., & Flannigan, M. D. (2019).
Short-interval wildfire and drought overwhelm boreal forest re-
silience. Scientific Reports, 9(1), 18796. https://doi.org/10.1038/
s41598-019-55036-7

Williams, M. I., & Dumroese, R. K. (2013). Preparing for climate change:
Forestry and assisted migration. Journal of Forestry, 111(4), 287-
297. https://doi.org/10.5849/jof.13-016

Zackrisson, O., Nilsson, M. C., Dahlberg, A., & Jaderlund, A. (1997).
Interference mechanisms in conifer-Ericaceae-feathermoss com-
munities. Oikos, 78, 209-220.

Zhao, X., Chen, F., Seim, A., Hu, M., Akkemik, U., Kopabayeva, A.,
Mazarzhanova, K., Zhang, R., Maisupova, B., Kirillov, V., Mambetov,
B.,Yu,S.,He, Q., Dosmanbetov, D., & Kelgenbayev, N. (2024). Global
warming leads to growth increase in Pinus sylvestris in the Kazakh
steppe. Forest Ecology and Management, 553, 121635. https://doi.
org/10.1016/j.foreco.2023.121635

85UB01 T SUOWILLIOD AIIERID B|qedi(dde ay) Aq peuseno a1e ssjoie O ‘8sN JO SajnJ o} Akeiq18UlUO /311 UO (SUONIPUD-PUR-SLUIBY WD A3 1M A1 1[ou UO//STIY) SUONIPUOD PuUe SWie | 8y} 88S [9202/20/20] U0 A%iqiauluo A8 (1M ‘Bulupeseg sustels Ad Z9T0L 799Z-G9ET/TTTT OT/I0pAL0d™ A8 im Ale.q i puljuo's feuno fsaqy/sdny wouy papeojumod ‘0T ‘SZ0Z ‘99ZS9ET


https://doi.org/10.1890/1540-9295(2005)003%5B0421:UVAAFE%5D2.0.CO;2
https://doi.org/10.1890/1540-9295(2005)003%5B0421:UVAAFE%5D2.0.CO;2
https://doi.org/10.1002/ecs2.3508
https://doi.org/10.1002/ece3.10086
https://doi.org/10.1111/1365-2745.13529
https://doi.org/10.1111/gcb.17149
https://doi.org/10.1038/ncomms5967
https://doi.org/10.1038/ncomms5967
https://www.R-project.org/
https://doi.org/10.1111/j.1461-0248.2008.01172.x
https://doi.org/10.1038/s41586-018-0582-4
https://doi.org/10.1038/s41586-018-0582-4
https://doi.org/10.1038/ngeo2352
https://doi.org/10.1038/ngeo2352
https://doi.org/10.1016/j.funeco.2018.12.010
https://doi.org/10.2307/2265541
https://doi.org/10.1002/ecs2.3391
https://doi.org/10.1002/ecs2.3391
https://doi.org/10.1016/j.foreco.2023.121552
https://doi.org/10.1016/j.foreco.2023.121552
https://doi.org/10.1111/ele.12889
https://doi.org/10.1111/ele.12889
https://doi.org/10.1016/j.foreco.2016.07.009
https://doi.org/10.1016/j.foreco.2016.07.009
https://doi.org/10.1111/pce.12417
https://doi.org/10.1111/1365-2664.12945
https://doi.org/10.1111/1365-2664.12945
https://doi.org/10.3389/frsen.2022.825190
https://doi.org/10.1016/S0378-1127(00)00321-2
https://doi.org/10.1016/S0378-1127(00)00321-2
https://doi.org/10.1111/gcb.15183
https://doi.org/10.1111/gcb.15183
https://doi.org/10.1126/science.1082709
https://doi.org/10.1111/2041-210X.12863
https://doi.org/10.1038/s41598-019-55036-7
https://doi.org/10.1038/s41598-019-55036-7
https://doi.org/10.5849/jof.13-016
https://doi.org/10.1016/j.foreco.2023.121635
https://doi.org/10.1016/j.foreco.2023.121635

IBANEZ €7 AL.

SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Table S1. Mean+SE aboveground biomass (g/mz) of ericaceous
shrubs removed from plots during the experimental start up in 2016
in low fire and high fire severity forest stands, in both unlogged and
salvage logged sites.

Table S2. Soil nutrients (mean+SE) in response to fire severity
(high or low fire severity), logging (salvage logged or unlogged),
experimental warming (ambient or elevated) and presence (P) or
removal (R) of ericaceous shrubs in 2019. No statistical differences
between treatments were observed except from a weak three-
way interaction between fire severity x experimental warming x
presence of shrub on N (df: 1, 37.4, F-value: 5.1631, p-value: 0.0281)
and C:N ratio (df: 1, 37.6, F-value: 4.9947, p-value: 0.0315) in the
organic soil layer. However, no pairwise differences among means
were obtained by post hoc tests.

Table S3. Tree seedling mortality in 2019 (total number and % out of
all seedlings planted) in each experimental treatment combination,
for all seven logged and unlogged stands. Abreviations: presence of
shrub (P), removal of shrubs (R) Ambient (non-OTC) and Warming
(OTC).

Table S4. Results of a generalized linear mixed model (GLMM)
analyzing binomial mortality data for tree seedlings of varying
provenances (PR) of P. abies and P. sylvestris planted in stands of fire
severity (FS; high or low fire severity), logging (SL; salvage logged
or unlogged), experimental warming (OTC; ambient or elevated) and
shrub removal (SRB; presence or removal of ericaceous shrubs) in
2019.

Table S5. Mean vegetation cover (%) of plant species in response
to fire severity (high or low fire severity), salvage logging (salvage
logged or unlogged), experimental warming (ambient or elevated)

and presence (P) or removal (R) of ericaceous shrubs in 2019.

2675

Table S6. Main and interactive effects of fire severity (FS), salvage
logging (SL), experimental warming (OTC) and shrub removal (SRB)
on total vegetation cover in 2019. A generalized linear mixed effects
model was fitted with site (stand number with corresponding level
of fire severity) as the random factor, to study these effects. Results
were obtained by performing type Il ANOVA on the fitted model.
Corresponding mean values are presented in Figure S2.
Figure S1. Temperature (°C) recorded every 2 min, 5cmabove ground,
in each of four experimental treatment combinations for (a) salvage
logged and (b) unlogged stands during June 1-3, 2016. Yellow=open
top chamber (warming treatment) with shrubs present; Grey=open
top chamber with shrubs removed; Blue=ambient temperature
with shrubs removed; Orange=ambient temperature with shrubs
present.

Figure S2. Mean + SE of total vegetation cover (%) in response to (a)
salvage logging, (b) fire severity + warming, (c) fire severity x salvage
logging x warming, (d) salvage logging x warming, (e) shrub removal
x warming and (f) fire severity x shrub removal x warming. Lower
case letters indicate significant difference and empty error bars
denote non-significance between groups at p<0.05, using ANOVA
for the general linear mixed effects model and subsequent post
hoc analysis using Tukey's test. Corresponding ANOVA results are
reported in Table Sé.
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