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Abstract. Boreal forests emit a wide range of biogenic volatile organic compounds (BVOCs) that influence atmospheric
chemistry and climate through oxidation reactions and the formation of secondary organic aerosols. These emissions originate
from plant metabolism, microbial activity, and storage pools such as litter, and vary in response to environmental conditions
and disturbances. Wildfires, the dominant natural disturbance in boreal ecosystems, substantially alter ecosystem structure and
carbon cycling, yet their effects on BVOC emissions during the early post-fire years remain poorly understood.

Here, we quantified BVOC emissions during the first years after wildfire across gradients of stand age, fire severity, and post-
fire management. BVOC emissions were strongly controlled by tree mortality and management practices. High-severity fire
in young stands resulted in persistently low emission rates and a shift away from monoterpene dominance, likely reflecting
limited biomass and substrate availability. In contrast, sites with surviving mature trees exhibited elevated emissions dominated
by monoterpenes, driven by litter-derived storage pools. Salvage logging caused a transient increase in emissions in the first
year after fire due to accumulated needle debris, followed by a rapid decline as litter inputs were depleted. Conversely,
reforestation led to increasing emissions over time.

These results demonstrate that early post-fire BVOC dynamics are regulated by the interaction between disturbance severity,
stand age and management strategies, leading to distinct emission trajectories in the early recovery phase. Such shifts in BVOC
emission magnitude and composition may have important implications for post-disturbance atmospheric chemistry and climate
feedbacks. Our findings highlight the need to account for disturbance legacy effects and management practices when
representing BVOC emissions in large-scale models.

1 Introduction

The boreal forest floor emit a number of biogenic volatile organic compounds (BVOCSs) originating from plant metabolism,
microbial activity and storage pools in plant litter (M&ki et al., 2017; Mochizuki et al., 2021; Niinemets and Monson, 2013;
Pefiuelas et al., 2014). Forest floor BVOC emissions can be affected by multiple factors such as diurnal and seasonal variation,

temperature, soil properties, nutrient availability, microbial activity and various disturbances (Hayward et al., 2001; Jiao et al.,
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2023; Méki et al., 2019a; Mochizuki et al., 2021; Rasheed et al., 2021). Boreal forest soils are typically podzols with distinct
organic and mineral layers, which differ in both substrate availability and microbial processes (Lundstrém et al., 2000). As a
result, BVOC composition varies with soil depth. For example, in a Scots pine (Pinus sylvestris) forest, the organic layer was
generally dominated by monoterpenes whereas the mineral layer had higher sesquiterpene emissions and oxygenated
compounds (Méki et al., 2019). These vertical and environmental controls on BVOC emission magnitude and composition are
important for understanding their impacts beyond the ecosystem. Once emitted into the atmosphere, BVOCs are highly reactive
and influence atmospheric chemistry through interactions with oxidants such as OH, ozone and NOy, leading to direct
scattering of sunlight and the formation of secondary organic aerosols and changes in greenhouse gas lifetimes (Acosta Navarro
et al., 2014; Monson and Baldocchi, 2014; Paasonen et al., 2013; Scott et al., 2018; Weber et al., 2022). Through these
processes, BVOCs can exert both warming and cooling effects on climate, linking terrestrial ecosystem processes to
atmospheric composition and radiative forcing.

Emissions from the organic layer are primarily driven by litter storage pools, as reflected in the seasonality of forest floor
BVOC fluxes, with peak emissions coinciding with periods of fresh litter input in autumn (Aaltonen et al., 2011, 2013;
Hayward et al., 2001; Isidorov et al., 2005; Méki et al., 2017). Elevated monoterpene emissions are also observed in spring
from the decomposing litter after snowmelt and forest floor growth processes (Aaltonen et al., 2011; Hellén et al., 2006). In
addition to these sources, understory vegetation can act as a sink for BVOCs emitted from the mineral layer; both (Hayward
et al., 2001) and (Méki et al., 2017) found higher emission rates from bare soil compared to vegetated soil. This emission
reduction may be explained by adsorption to organic matter or by microbial consumption, both of which can remove BVOCs
within the soil profile (Jiao et al., 2023; Joensuu et al., 2016). Consequently, disturbances that remove or alter the organic layer
and understory vegetation, exposing mineral soil or redistributing litter pools, can substantially modify BVOC emissions to
the atmosphere.

Wildfire is the main natural disturbance in boreal forests, with approximately 1% of the global boreal forest burning annually
(Koster et al., 2021a). Wildfire alters ecosystem structure and carbon dynamics by consuming vegetation and organic matter
from both above- and belowground pools (Bond-Lamberty et al., 2007). Post-fire recovery of boreal forest is typically slow
and can require decades for carbon stocks and soil microbial communities to re-establish (Kelly et al., 2024, 2025; Kdster et
al., 2014, 2021b; Soares et al., 2026). The impact of wildfire depends on the fire intensity and severity. Fire severity have been
defined as the consumption of above and belowground organic vegetation where low-severity fires result in scorched but
surviving trees whereas high-severity fires kill the trees (Keeley, 2009). Fluxes of CO, were also found to be higher up to four
years after a low-severity fire compared to a high-severity fire, indicating that the higher vegetation mortality in the high-
severity fire had a larger impact on carbon emissions (Kelly et al., 2021, 2025).

BVOC emissions are expected to be strongly impacted by wildfires disturbances. Because forest floor BVOC fluxes are closely
linked to vegetation cover, litter inputs and microbial activity, their recovery following fire may take decades (Maki et al.,
2019b; Zhang-Turpeinen et al., 2025). In boreal Scots pine forests, emissions are typically dominated by monoterpenes,

particularly a-pinene and 3-carene (Aaltonen et al., 2011; Méki et al., 2019a; Petersen et al., 2025; Zhang-Turpeinen et al.,
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2021). Previous studies have explored BVOC dynamics across post-fire chronosequences spanning from 1 to >100 years since
fire (Zhang-Turpeinen et al., 2025), providing valuable insights into long-term recovery patterns. However, short-term
temporal dynamics of BVOC emissions during the earliest post-fire years, and how they are shaped by fire severity and
management strategies, remain poorly constrained. In particular, consecutive measurements from the same sites during the
initial years after fire are missing, limiting our understanding of how BVOC emissions respond immediately following
disturbance and during early ecosystem recovery.

As ecosystems recover after wildfire and biomass increases over time, BVOC emissions are expected to increase in the long-
term. However, recovery trajectories depend strongly on fire severity, which determines vegetation survival, litter inputs and
soil exposure. Because forest floor BVOC emissions are largely driven by litter storage pools (Aaltonen et al., 2011, 2013;
Maki et al., 2017), high-severity fires that remove canopy needles may reduce emissions over time due to loss of litter input.
Although canopy needles are not always fully removed by fire, trees that remain standing after high-severity events often die,
resulting in an initial pulse of emissions from needle litterfall, followed by a decline as litter inputs are no longer replenished.
As vegetation re-establishes, BVOC emissions may increase again (Zhang-Turpeinen et al., 2025).

In contrast, low-severity fires with high tree survival can sustain a more continuous BVOC emission pattern. Surviving trees
may initially shed significant amount of needles, leading to elevated emissions, while continued growth and litter production
support longer-term emission fluxes. Post-fire management is also expected to influence these trajectories. For example
salvage-logging can create a short-term increase in emissions due to residual litter and woody debris left on site, which will
lead to high emissions that decrease quickly over time because the needle litter is not replenished.

Because of the climate change induced higher air temperatures and heat spells, an increase in wildfire frequencies is expected
in the future and is already observed in Fennoscandia (IPCC, 2023; Koster et al., 2021a; Pechony and Shindell, 2010). The
severe drought in Sweden during the summer of 2018 led to widespread wildfires across the country (SOU, 2019), including
the Ljusdal fire, which burnt the largest area that year.

Here, we assess how wildfire affects BVOC emissions during ecosystem recovery using the Ljusdal fire as a natural
experiment. The fire hit the Ljusdal area with varying intensity, providing a unique opportunity to compare the recovery
trajectories across fire severities. The study area also included forest stands of different ages and post-fire management
strategies (salvage-logged and unlogged), allowing us to evaluate how these factors interact to shape BVOC emissions.
Notably, the fire primarily affected the organic soil layer while leaving the mineral layer largely intact.

We formulated the following hypotheses: (1) BVOC emissions from burnt organic layers are lower than from unburnt organic
layers due to the loss of understory vegetation and litter input. (2) The organic layer acts as a sink for BVOCs emitted from
the underlying mineral soil, even after fire disturbance. (3) BVOC emissions increase over time as the ecosystem recovers
from the fires, with increasing vegetation cover. (4) Short-term recovery trajectories differ depending on fire severity, stand

age and management strategy, resulting in distinct BVOC emission patterns across sites.
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2 Materials and Methods
2.1 Study area

The measurements were conducted within the area affected by the Ljusdal wildfire in central Sweden (61°56°N, 15°28’E).
The fire was ignited by lightning strikes in July 2018 and spread due to prolonged hot and dry conditions. Fire severity varied
across the landscape: in some areas, all trees were killed (hereafter ‘high-severity fire’), whereas in others the fire primarily
consumed ground vegetation and most trees survived (hereafter ‘low-severity fire’). The area is dominated by Scots pine (Pinus
sylvestris) forests growing on nutrient-poor sandy soils and glacial till, with an understory consisting mainly of lichens and
dwarf shrubs (Vaccinium spp.). The climate conditions in the area were described using the 1991-2020 climate normal period
from the Ytterhogdal national weather station, 40 km from the site (SMHI, 2024), during which the mean annual air
temperature was 2.7 °C and mean annual precipitation was 648 mm. During the study period (2019-2022), meteorological
measurements were measured continuously. In July and August, ambient air temperature during the measurement weeks
ranged from 3 °C to 26 °C, with the warmest conditions in 2021 and the coolest in 2020 (Figure 1a). Precipiration during the
measurement weeks varied substantially among years, from 6 mm in 2019 to 15 mm in 2020, recorded by the Ytterhogdal

station (SMHI, 2024; Figure 1b). Temperature and precipitation anomalies relative to the previous 20-year period are shown

in Figure 1c.
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Figure 1. Air temperature and precipitation at the Ljusdal study area. (a) Air temperature during the measurement week in July
and August for each study year (2019-2022). (b) Precipitation sum for the measurement week for each study year. (c) Temperature
and precipitation anomalies for July and August relative to the 20-year reference period (1999-2018) from the national weather
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station Ytterhogdal (SMHI, 2024). Grey stars represent individual years before the fire (1999-2017), and the orange circled star
indicates 2018, the year of the wildfire.

Within the study area, measurements were performed at six sites (Table 1), including one unburnt reference site (UM) and five
burnt sites that differed in fire severity, stand age at the time of the fire and post-fire management. All sites were Scots-pine
dominated stands prior to the fire and are located within 3 km of each other. All the understory vegetation died during the fire.
Over the following years, understory vegetation cover slowly increased but was still less than 30 % total cover by 2022 at all
the burnt sites. LM and SLM had the highest total understory vegetation cover (26 % and 24 %, respectively), which was
dominated by vascular plants ad LM and bryophytes at SLM. SHM had the slowest recovery of understory vegetation of all
the burnt sites with only 8 % total coverage by 2022 comprising entirely of vascular plants. For further details on site
characteristics and fire conditions, see Kelly et al. (2021; 2024; 2025) and Dukat et al. (2024).

Table 1. Characteristics of the study sites and BVOC measurements. Tree maturity refers to stand age at the time of the fire in 2018.
Forest floor (FF) depth represents the thickness of the organic soil layer, including litter, mosses and lichens. Total FF depth included
both charred and uncharred material (data from Kelly et al., 2021). The table also reports the number of measurement collars with
and without the FF layer and the years during which BVOC measurements were conducted at each site. Values are reported as
mean + SE.

Total FF .
Site Fire severity Post-fire management Tree maturity Charred FF depth BVOC  measurement  Collars with  Collars - no
depth (mm) (mm) years FF FF
UM No fire None Mature NA 149+4 2020-2022 2 2
Standing  burnt  trees
LM Low (living), natural ~ Mature 8+1 3742 2020-2022 2 2

regeneration

Standing  burnt  trees

HM High (dead), natural ~ Mature 10+0 25+1 2019-2022 2 2
regeneration
Salvage-logging of living
burnt trees, soil

SLM Low scarification, manual ~ Mature 0.11+1 23 2020-2022 1 1
seed spreading of Pinus
sylvestris in 2019

Salvage-logging of dead
burnt trees, replanted

SHM High with Pinus  sylvestris Mature 9+1 2312 2019-2022 2 2
seedlings in 2020
Standing  burnt trees,

HY High replanted - with  Pinus -y o g+1 1241 2019-2022 2 2

sylvestris seedlings in
2020

2.2 Experimental design

At each study site, ten collars were installed in May 2019 (Table 1; see Kelly et al. (2021) for details). Two collars per site
were selected for BVOC measurements of the organic (forest floor) layer, representing either burnt or unburnt conditions
(UM). To assess emissions from the mineral soil, two additional collars were established at each site (except SLM) in close
proximity to the original collars (< 3 m). In these collars, the organic layer was removed prior to measurements.

At the SLM site, soil scarification had already exposed the mineral soil in part of the area. Therefore, one pre-existing collar

with an exposed mineral layer was used for mineral soil measurements instead of installing new collars. Measurements were
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consistently conducted at the same collars each year and any newly accumulated litter was removed prior to measurements of
the mineral layer.
BVOC emissions were measured using a dynamic chamber system consisting of a custom-built chamber connected to a

140 portable pump unit (Figure 2). The system was similar to that described in Jaakkola et al. (2023), with the exception of the
chamber design. Ambient air was drawn through a hydrocarbon trap (Alltech, Chicago, USA) and an ozone filter (MnO.-
coated copper nets) before entering the chamber via a battery-driven pump (Gardner Denver Thomas GmbH, Memmingen,
Germany). The purge flow was regulated using a mass flow meter (Aalborg Instruments, Orangeburg, USA) and ranged
between 4 L min't and 6 L min‘t, depending on whether blank samples were collected.

145 The chamber was made of extruded acrylic plastic (PMMA; Evonik Industries, Darmstadt, Germany) and equipped with three
ports (Swagelok connectors, Swagelok, Solon, USA) for purge flow, sample collection and temperature measurement.
Chamber air temperature was monitored using a stainless steel probe inserted through the chamber wall. The chamber had a
height of 0.25 m and an outer (inner) diameter of 180 mm (172 mm). All materials in contact with the air stream, including
tubing (1/4 inch PFA), connectors (stainless steel) and valves (PTFE) were selected for their suitability for BVOC sampling.

150 After placing the chamber on a collar, it was flushed for at least 30 min prior to sampling. BVOC samples were then collected

sequentially onto three adsorbent tubes before moving the chamber to the next collar.

Figure 2. In-situ BVOC measurement setup. A transparent chamber was placed on the forest floor and connected to a pump box
supplying purified purge air free of BVOCs and ozone. Air from the chamber was drawn through adsorbent tubes using portable
155  pumps to collect BVOCs emitted from the forest floor.
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2.3 BVOC sampling and analysis

BVOC emissions were sampled during field campaigns conducted in July 2019, July-August 2020, August 2021 and July-
August 2022. At each site, three replicate samples were collected per sampling occasion. In total, 2014 samples were collected
across all years (2019: 26; 2020: 51; 2021: 67; 2022: 70), of which 127 originated from the organic layer and 87 from the
mineral layer.

BVOCs were collected from the chamber air by drawing sample air through stainless steel adsorbent tubes (Tenax TA,
Carbograph 1TD, Markes International Limited, Llantrisant, UK) using flow-controlled portable pumps (Pocket Pump, SKC
Ltd., Dorset, UK). Sampling was conducted at a flow rate of 200 mL min for approximately 30 min, resulting in a total
sampled volume of 5-6 L per sample.

From 2020 onwards, two parallel chamber-pump systems were operated simultaneously on adjacent collars, whereas in 2019
only one system was used. At least one blank sample per system was collected each day by sampling purge air upstream of the
chamber. After sampling, adsorbent tubes were sealed with storage caps and kept cool until laboratory analysis.

BVOC samples were analyzed using thermal desorption coupled to gas chromatography-mass spectrometry (TC-GC-MS).
Samples from 2019 were analyzed at Lund university (TD: Turbomatrix ATD 650, PerkinElmer; GC-MS: Shimadzu QP2010
Plus with a BPX5 column, 50 m x 0.32 mm x 1.0 um), whereas samples from 2020-2022 were analyzed at the University of
Copenhagen (TD: TD100-xr, Markes International; GC-MS: Agilent 7890A GC-5975C MSD with a HP-5MS column, 50 m
X 0.2 mm x 0.33 um).

All samples were thermally desorbed at 280 °C for 10 min, cryo-focused at -30 °C, and subsequently flash-heated (40 °C sec-
1) to 300 °C for 6 min before injection to the GC column. Helium was used as carrier gas. The oven program started at 40 °C
(held for 1 min for 2019 samples and 3 min for 2020-2022 samples), followed by a ramp to 210 °C at 5 °C min and to 250
°C at 20 °C min’t, with a final hold of 2 min (2019) or 8 min (2020-2022).

Chromatograms were processed using PARADISe software (v6.0.0.16 (2019) & v.6.0.0-dev6 (2020-2022), (Johnsen et al.,
2017; The Copenhagen Chemometrics Group, 2022). Compounds were identified using pure standards (see Supplementary
Table S1) and confirmed against the NIST11 library. Quantification was based on calibration with standards of known
concentration.

BVOC concentrations were converted to emission rates (ug m2 h™*) according to Ortega and Helmig, (2008) and standardized
to a reference temperature of 30 °C and photosynthetically active radiation (PAR) of 1000 pmol m? s* following (Guenther
etal., 1995, 1993).

2.4 Environmental variables

During sampling, PAR was measured using two LI-190 Quantum sensors (LI-COR, Lincoln, USA) placed adjacent to the
chambers and recorded with a data logger (CR100, Campbell, Sci., Logan, USA). In addition to measurements of ambient air
temperature and relative humidity (HygroVUE10, Campbell Scientific, Inc., installed at 2 m height), these variables were also
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monitored using a probe (CS215 in a radiation shield, Campbell Sci., Logan, USA) positioned approximately 20 cm above
ground between the chambers.

Soil temperature and soil moisture were measured manually outside the chamber frame (<10 cm from the collar) during
sampling. Soil temperature was recorded at depths of 3 cm and 10 cm using a handheld temperature probe (model 549, Viking
AB, Eskilstuna, Sweden) and soil water content (SWC) was measured using a handheld probe (Delta-T ML3 Theta Probe;
Delta-T, Cambridge, UK) with 6 cm stainless steel rods. To account for spatial variability, SWC was measured at three
positions around each chamber, whereas soil temperature was measured at a single location to allow for sufficient time for
probe equilibrium.

2.5 Data analysis

All data processing and statistical analyses were conducted using R version 4.3.1 (R Core Team, 2022) and MATLAB version
R2022b (The Mathworks Inc., 2022). Samples were screened for outliers based on abnormally high concentrations across
multiple compounds. Specifically, samples with concentrations exceeding a defined threshold for at least six out of seven
selected compounds (Figure S1) were classified as outliers and removed (n = 24). An additional sample was excluded due to
unrealistically high concentrations in multiple other compounds (Figure S2), resulting in a total removal of 25 out of 214
samples (~12%) following quality control.

A total of 96 BVOC compounds were identified from the chromatograms. Of these, 10 compounds were consistently detected
across all years and were selected as core compounds for analysis. Two additional compounds that were consistently observed
from 2020-2022 were also included (Table S2).

To evaluate changed in BVOC composition across years, sites and soil layers, fractional emission profiles were calculated.
Mean emission rates for each compound were computed for each combination of year, site and soil layer. These values were
then summed to obtain total emission rates and normalized to derive the relative contribution (fraction) of each compound.
Only compounds consistently detected across all years were included in these analyses (Table S2).

Temporal trends in BVOC emissions were assessed using regression models of log-transformed concentrations as a function
of year. Log transformation was applied to account for the heavy tailed distributions of the raw concentrations. Concentrations
below detection limits were replaced with compound-specific limits of detection (LOD; Table S2). These values were treated
as the upper bound on the possible log-concentrations in a linear Tobit regression (Amemiya, 1984; Therneau and Grambsch,
2000). The resulting model was fitted as left-censored observations using the survival (vesion. 3.5-7) package in R (A Package
for Survival Analysis in R; (Therneau, 2023).
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3 Results
3.1 BVOC emissions from unburnt forest floor organic and mineral layers

BVOC emission rates were measured from both the organic and mineral soil layers at the unburnt site (UM) between 2020
and 2022. Overall, emissions increased over time, with a strong dominance of monoterpenes across all years.

In the organic layer, emission rates ranged from 14 to 92 pug m? h'* and increased annually. Monoterpenes consistently
dominated, contributing between 88% to 94% of total emissions (Table S3), with relatively minor contributions from other
compound classes. In contrast, the emissions from the mineral layer were higher than those of the organic layer in 2020 and
2022 (32 and 228 pg m h'%, respectively), but lower in 2021 (19 ug m2 h't; Table S3). As in the organic layer, monoterpenes
were the dominant compounds (83% to 99%) in the mineral layer.

Despite this overall similarity, notable interannual variation in composition was observed. In 2021, the mineral layer showed
an increased relative contribution of oxygenated monoterpenes (~3%) and sesquiterpenes (~11%) compared to other years,
when these groups typically contributed <1% and <5%, respectively (Table S3). This shift coincided with reduced total
emissions in that year. In contrast, the organic layer maintained a relatively stable composition between 2020 and 2021. In
2022, both emission rates and compound composition changed in the organic layer, with an increases contribution of
sesquiterpenes (10% compared to <7% in previous years; Table S3). The mineral layer in 2022 exhibited both the highest
emission rates and the strongest monoterpene dominance (~99%; Table S3).

Averaged across all years, total BVOC emission rates were lower from the organic layer (45 + 41 ug m h'* mean = standard
deviation) than from the mineral layer (93 = 117 pg m2 h), indicating a generally larger contribution from mineral soils.
Despite these differences in magnitude, the dominant compounds were similar in both layers, with a-pinene accounting for the
largest share of emissions (22 + 20 ug m? h* and 53 + 73 pug m2 h'! for the organic and mineral layers, respectively) followed
by 3-carene (11 + 8 ug m2 h'* and 16 + 16 pg m2 h). Among the sesquiterpenes, B-caryophyllene was the only compound
with higher emissions from the organic layer (3.3 + 4 ug m? h') compared to the mineral layer (0.8 + 0.8 pg m2 h%), whereas
a-humulene was emitted at similar rates for both layers (~0.6 pug m2 ht). Together, these results show a consistent dominance
of monoterpenes across soil layers, with higher emission rates from the mineral layer than from the organic layer, indicating

that the organic layer reduces BVOC fluxes to the atmosphere.

3.2 Effects of fire severity, forest management and stand age on BVOC emissions

Wildfire severity strongly influenced BVOC emission rates, with the most pronounced reductions observed at high-severity
fire sites (HM, HY, SHM). In 2020-2022, emission rates at high-severity fire sites were consistently lower (<12 ug m? h?)
than at the unburnt reference site (UM, Figure 3). Although no measurements were available from UM in 2019, emissions at
the salvage-logged high-severity fire site (SHM) reached 50 pg m2 h't in the organic layer, exceeding the average emission

rates observed at UM in subsequent years.
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Clear differences were observed between managed and unmanaged high-severity fire sites. At the unlogged site (HM),
emission rates increased from 2019 to 2020 (10 to 13 g m h't) before declining sharply in 2021 (~1.5 pg m h%; Figure 3b).
In contrast, at SHM, emissions were initially high in 2019 but decreased rapidly by 2020 (<1 pug m2 h'*; Figure 3d). A similar
pattern was observed in the mineral layer, where SHM showed higher initial emissions than HM in 2019 (85 vs 24 ug m2 v
1, followed by a much stronger decline in 2020 (Figures 3f, 3h).

The young high-severity fire site (HY) exhibited a distinct emission trajectory compared to all other sites. Emission rates were
initially low in 2019 (~3 pg m™ h) and decreased further in the following years before increasing again in 2022 (~11 pg m
h'L; Figure 3c). In contrast to other sites, mineral layer emissions at HY were lower than organic layer emissions in 2019 (2 vs
3 ug m? h'L; Figures 3c, 3g). In 2020, however, HY was the only site where mineral layer emissions exceeded those from the
organic layer. Both layers showed a similar overall recovery pattern, with low emissions in 2020-2021 followed by a
pronounced increase in 2022 (~12-13 ug m*2 h*; Figures 3c, 3g). This recovery trajectory differed from that of mature high-
severity fire sites (HM and SHM), where emission rates declined or remained low over time without a comparable increase
(Figure 3b, 3d, 3f, 3h), highlighting distinct recovery dynamics at the young site compared to mature high-severity stands.
Low-severity fire sites exhibited substantially higher emission rates than high-severity fire sites. At the mature low-severity
fire site (LM), emissions from the organic layer in 2020 and 2021 (64 and 53 pg m ht) exceeded those at both the unburnt
and high-severity fire sites (Table S3; Figure S3). The mineral layer at LM showed the highest emission rates observed in the
study, with a strong peak in 2020 (~480 pg m? h). Followed by a sharp decline in 2021 (~2 pug m h). In contrast, the

salvage-logged low-severity fire site (SLM) exhibited much lower emission rates and greater variability over time (Figure S3).

10
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Figure 3. The emission rates (ug m2 h't) from the organic layer of the a) unburnt mature site (UM), b) high-severity fire mature site
(HM), c) high-severity fire young site (HY) and d) salvage-logged high-severity fire mature site (SHM). The emission rates from the
mineral layers of €) UM, f) HM, g) HY and h) SHM. The measured BVOC compounds are color-coded with monoterpenes (MT) in
red-pink, oxygenated monoterpenes (0MT) in blues and sesquiterpenes (SQT) in greens. Isoprene is ungrouped and colored yellow.

BVOC composition varied substantially across sites and years (Figure 4; Figure S4). Emissions at the unburnt and low-severity
fire sites were consistently dominated by monoterpenes, particularly a-pinene and 3-carene. For example, at the low-severity
fire site (LM), emission profiles in 2020 were similar to the unburnt site (UM), with comparable contributions of a-pinene
(~30%) and 3-carene (LM: 59%, UM: 52%; Figures 31, S4a).

In contrast, high-severity fire sites showed greater variability in composition. At the salvage-logged site (SHM), emissions in
2019 were dominated by a-pinene (65%), whereas the unlogged site (HM) displayed a more diverse composition with lower
a-pinene contribution (39%) and relatively higher contributions from 3-carene (32%) as well as sesquiterpenes such as -
caryophyllene (11%) and a-humulene (4%; Figures 4b, 4d).

The young high-severity fire site (HY) exhibited the most distinct emission profile. In 2019, emissions were dominated by

isoprene (~48%) in 2019, in contrast to all other sites that were dominated by monoterpenes. In 2020, composition shifted to
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a more even distribution between groups (monoterpenes ~31%, oxygenated monoterpenes ~33% and sesquiterpenes ~35%),
before transitioning toward monoterpene dominance in 2021 (~65%) and especially in 2022 (~95%; Figure 4c).

Differences between soil layers were also evident. In 2019, mineral layer profiles were broadly similar to those of the organic
layer across burnt sites. However, in 2020, the mineral layer at HM and HY shifted toward sesquiterpene dominance (>50%;
Figures 4b, 4c), a pattern not observed in the corresponding organic layers (Figures 4f, 4g). At SHM, B-caryophyllene
dominated emissions from both the organic (40%) and mineral layers (65%) in 2020 (Figures 4d, 4h). Additionally in 2021,
the mineral layer at UM, HY and SHM showed a pronounced increase in limonene contributions (32%, 34% and 39%,
respectively), not observed at the other sites or in other years (Figures 4e, 4g, 4h).

Overall, while monoterpenes dominated emissions at unburnt and low-severity fire sites, high-severity fire sites, particularly
HY and SHM, exhibited pronounced temporal variability and shifts in dominant compound classes, with additional divergence

between organic and mineral layer composition.

100%
a
5 80%
=
Q >
ST 60%
a.g
c
25 40%
% 5] [ lisoprene
X 20% [ Ja-Pinene
[ 1p-Pinene
0% MT [ 3-Carene
I >-Cymene
I | imonene
100% e oMT [ ILinaloal
I E calyptol

80% saT [ Ja-Humulene
I 3-Caryophyllene

60%

40%

Relative proportion
mineral layer

20%

0%

o O — N o — N o O — N o O — N
- NN - NN - NN - NN
o O O O o C o O o O O O oo 00
N NN N NN NN NN NN NN NN

Figure 4. The relative proportion (%) of the emitted BVOC compounds from the organic layers of the a) unburnt mature site (UM),
b) high-severity fire mature site (HM), ¢) high-severity fire young site (HY) and d) salvage-logged high-severity fire mature site
(SHM). The relative proportion of the compounds from the mineral layers of ) UM, f) HM, g) HY and h) SHM. The measured
BVOC compounds are color-coded with monoterpenes (MT) in red-pink, oxygenated monoterpenes (oMT) in blues and
sesquiterpenes (SQT) in greens. Isoprene is ungrouped and colored yellow.
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3.3 BVOC emission rate trends from unburnt and recovering burnt forest floor

Temporal trends in BVOC emission rates were assessed using Tobit regression applied to total emission rates across
measurement years (Figure 5). At the unburnt site (UM), emission rates from the organic layer increased significantly over
time (P < 0.001), whereas no significant trend was observed for the mineral layer (Figure 5a, Table S4). At compound level,
several compounds contributed to this increase, including a-humulene, a-tricyclene, 3-carene and -caryophyllene (Table S4).
In contrast, the high-severity fire mature site (HM) showed significant declines in total emission rates from both organic and
mineral layers over time (P < 0.01; Figure 5b, Table S4). These declines were driven by decreases in dominant monoterpenes
such as a-pinene and 3-carene in both layers. Additional compound-specific decreases were observed, including a-tricyclene
in the organic layer and B-pinene, d-limonene and p-cymene in the mineral layer (Table S4).

No significant trends in total emission rates were detected at the young high-severity fire site (HY) or the salvage-logged site
(SHM) for either soil layer (Figures 5c¢, 5d). However, compound-level analyses revealed substantial changes. At HY, several
compounds decreased significantly over time in both layers, including -caryophyllene, bornyl acetate and linalool, with an
additional decrease in a-humulene in the mineral layer. In contrast, a-pinene in the mineral layer showed a significant increase
(P =0.04; Table S4).

At SHM, no significant trends were observed at the compound level in the mineral layer, however, the organic layer exhibited
significant decreases in several compounds, including a-pinene, B-caryophyllene, bornyl acetate and B-pinene (Table S4). The
only compound showing a significant increase at SHM was isoprene in the organic layer (P = 0.001), which increased markedly

in 2022 after being close to or below the detection limit in previous years (Figure 3d).
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Figure 5. The total BVOC emission rates for each soil layer and the change over the measurement years 2019 to 2022 for the a)
unburnt mature site (UM), b) high severity fire mature site (HM), c) high severity fire young site (HY) and d) salvage-logged high
severity fire mature site (SHM). The tobit regression lines are plotted for each soil layer. The trends are significant (P<0.05) if the
lines are solid and not significant if they are dashed. The BVOC emission rates are presented in log scale. Emission rates measured
above the limit of detection (LOD) are indicated by a circle and the measurement points below the LOD by a triangle. Some valid
observations can be below the LOD value of other observations depending on which compound of the total BVOC that fell below its
specific LOD value before summing to total emissions.

4 Discussion
4.1 Annual variation in BVOC emissions from unburnt forest floor

Measurements from the unburnt reference site (UM) revealed pronounced interannual variability in BVOC emission rates,
with the lowest emissions observed in 2020 and the highest in 2022. Variability in BVOC emissions is expected as they are
driven by plant metabolism and microbial activity and are therefore sensitive to environmental conditions (Monson et al.,
1992; Staudt et al., 2017). Interannual differences in air temperature and precipitation, both preceding and during sampling,
are known to influence emission rates (Gulden et al., 2007).

In this study, the lower emissions observed in 2020 coincided with below-average air temperatures and precipitation, whereas
the higher emissions in 2022 occurred under conditions closer to the long-term mean (Figure 1c), suggesting a climatic control
on BVOC production. However, such variability falls within the expected range for boreal forest floor emissions. Previous

studies from Scots pine-dominated forests have reported substantial interannual variation, with monoterpene emissions ranging
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from a few pg m2 h™to tens of ug m? h* with bursts of BVOC emissions to 300 pug m2 h™* during spring (Aaltonen et al.,
2011; Hellén et al., 2006; Maki et al., 2019b).

4.2 BVOC emissions from unburnt and burnt forest floor

We hypothesized that BVOC emissions from burnt forest floors would be lower than those from unburnt forests due to the
combustion of BVOC-emitting vegetation. This hypothesis was supported at the high-severity fire young site (HY), which
exhibited the lowest emission rates during the first years after fire (2019-2021), both relative to the unburnt site and to other
burnt sites.

However, this pattern did not hold for mature high-severity fire sites (HM and SHM). In 2019, emissions at these sites were
four to ten times higher than at HY and were comparable to, or in some cases exceeded, emission levels observed at the unburnt
site in subsequent years. In particular, emissions at SHM in 2019 exceeded the mean emission rates measured at the unburnt
site by approximately 5 ug m2 ht,

These results indicate that fire does not universally suppress BVOC emissions in the short term and that post-fire emission
responses depend strongly on forest stand characteristics and management. This highlights the importance of considering

disturbance legacy effects when assessing post-fire BVOC emissions.

4.3 The organic layer as a sink of mineral layer BVOC emissions

Our second hypothesis proposed that the organic layer of boreal forest soils acts as a sink for BVOCs emitted from the
underlying mineral layer, through processes such as microbial consumption and adsorption. At the unburnt reference site (UM),
this hypothesis was generally supported, as emission rates from the mineral layer exceeded those from the organic layer in
2020 and 2022. This is consistent with previous studies demonstrating that the organic layer can attenuate BVOC fluxes from
deeper soil layers (Hayward et al., 2001; Méki et al., 2017).

However, this pattern was not consistent across all years. In 2021, emissions from the organic layer exceeded those from the
mineral layer at the unburnt site. Field observations indicated increased needle litter within the measurement collars during
this year, which likely contributed to elevated BVOC emissions. Scots pine litter is known to emit substantial amounts of
monoterpenes, particularly o-pinene (Isidorov et al., 2010) and this compound was the dominant contributor to emissions in
2021. Elevated air temperatures during the sampling period may have further enhanced both litter production and emission
rates, as warmer conditions are associated with increased needle fall and temperature-dependent BVOC release (Grote and
Niinemets, 2008; Kouki and Hokkanen, 1992). Thus, increased litter inputs and favorable climatic conditions likely overrode
the sink effect of the organic layer in this year.

Following wildfire, the organic layer may still act as a sink due to remaining surfaces capable of BVOC adsorption. At the
high-severity fire mature sites (HM and SHM), this was supported in 2019, when mineral layer emissions exceeded those from
the organic layer. However, in subsequent years, emissions from the organic layer were similar to, or higher than, those from

the mineral layer. This shift coincided with post-fire inputs of litter and woody debris, including needle shedding and bark
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from standing dead trees and in the case of SHM, additional inputs from salvage logging. These inputs likely increased BVOC
emissions from the organic layer through storage pools.

At the same time, reduced emissions from the mineral layer may reflect a decline in root-associated BVOC production
following vegetation mortality. Root emissions, including those mediated by mycorrhizal fungi, can contribute substantially
to total soil BVOC fluxes (Tang et al., 2019) and their reduction after fire could limit mineral layer emissions. As a result, the
apparent weakening of the sink effect in burnt sites may arise from both increased organic layer emissions and decreased
mineral layer contributions. This interpretation is supported by observations from the same forest fire area, where fire and
post-fire management were associated with lower microbial respiration, reduced bacterial growth and a marked decline in
ectomycorrhizal fungal activity (Soares et al., 2026). Although these measurements were not done concurrently with the BVOC
campaigns, they suggest that the low mineral layer BVOC emissions observed following high-severity fire occurred alongside
documented changes in belowground biological activity.

At the young high-severity fire site (HY), emission rates from both soil layers were low in the first years after fire and
differences between layers were small, making inference of a sink effect less clear. However, the pronounced increase in
emissions observed in 2022 from both layers may reflect vegetation recovery and the development of root systems following
replanting of pine seedlings in 2020. This suggests that the interaction between organic and mineral layer emissions evolves

over time as ecosystem recovery progresses.

4.4 Effects of fire severity, forest management and stand age on BVOC emissions

Fire severity, stand age and post-fire management all influenced BVOC emissions through their effects on vegetation mortality,
litter inputs and the amount of organic material remaining after the fire. Fire severity appeared particularly important in
controlling the availability of post-fire BVOC sources. The low-severity fire site (LM) retained a substantially deeper organic
layer than the high-severity fire sites (Table 1) and maintained living trees that continued to supply litter and other plant-
derived BVOC:s. In contrast, the high-severity fire sites retained only a thin organic layer and depended largely on litter inputs
from trees killed in the fire. This difference, together with the continued presence of living trees at LM, may help explain why
BVOC emissions remained substantially higher at LM than at the high-severity fire sites during the study period.

At the young high-severity fire site (HY), the complete loss of vegetation resulted in consistently low emission rates during
the first years after fire. In contrast, at mature high-severity fire sites (HM and SHM), trees did not burn completely but died
gradually, leading to substantial needle shedding in the year following the fire. This resulted in elevated BVOC emissions in
2019, driven by the accumulation of fresh litter. In addition, litter inputs likely differed in quality between fire severities. At
the high-severity fire sites, litter originated mainly from heat-killed needles shed from standing dead trees, whereas inputs at
LM were primarily derived from surviving trees. Differences in needle condition may have influenced BVOC release from
litter, although this was not directly examined in the present study.

The importance of litter inputs as a dominant emission source in the early post-fire phase is further supported by temporal

changes at HM and SHM. At both sites, emission rates declined rapidly after 2020, coinciding with the depletion of needle
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litter and, in the case of SHM, the removal of trees through salvage logging. Without continued litter input, emission rates
approached near-zero levels. The dominance of a-pinene and 3-carene at these sites further supports a litter-driven origin, as
these compounds are characteristic of Scots pine needle emissions and have been shown to dominate forest floor BVOC fluxes
in similar systems (Aaltonen et al., 2011; Méki et al., 2019a; Zhang-Turpeinen et al., 2021).

These results highlight that BVOC emissions measured at the forest floor represent a combination of soil processes and litter-
derived emissions. In disturbed systems, particularly shortly after fire, litter inputs can dominate the emission signal,
complicating the attribution of emissions to underlying soil processes alone.

4.5 BVOC emission rate trends from recovering burnt forest floor

We hypothesized that BVOC emissions would increase as the ecosystem recovers following fire. However, no consistent
increase in total emission rates was observed during the four-year study period. In contrast, the high-severity fire mature site
(HM) showed a significant decline in emissions over time, indicating that short-term post-fire dynamics are not characterized
by a linear recovery trajectory.

This apparent lack of recovery is consistent with previous studies suggesting that BVOC emissions from boreal forest floors
may take decades to return to pre-fire levels (Maki et al., 2019b; Zhang-Turpeinen et al., 2020). The relatively short observation
period in this study likely captures an early post-disturbance phase dominated by legacy effects rather than true ecosystem
recovery.

During the first years after fire, BVOC emissions appear to be strongly influenced by the presence and subsequent depletion
of litter and woody debris. As discussed above, needle litter can continue to emit BVOCs for more than a year after deposition
(Isidorov et al., 2010) and the observed decreases in a-pinene and 3-carene at HM and SHM over time likely reflect the gradual
reduction of these litter-derived emission sources. This suggests that emissions measured within two to three years after fire
may largely represent transient litter-driven fluxes rather than emissions from the underlying soil system.

However, site-specific trends indicate that recovery trajectories vary depending on stand characteristics and management.
Small increases in emission rates at HY and SHM after 2020, which were not observed at HM, support the hypothesis that fire
severity, stand age and management influence BVOC dynamics. In particular, increasing a-pinene emissions from the mineral
layer at HY may be associated with the establishment of planted pine seedlings, as young pine root systems are known to emit
a-pinene (Rasheed et al., 2017, 2021; Tiiva et al., 2019).

Similarly, the significant increase in isoprene emissions at SHM in 2022 may indicate the development of understory
vegetation. Pioneer species are often strong isoprene emitters and their establishment following disturbance could contribute
to the observed changes in BVOC composition and emission trends (Artaxo et al., 2022; Hanson et al., 1999; Holopainen,
2013).

The contrasting recovery trajectories observed across sites are also consistent with observations from the same forest fire area,
where fire severity and post-fire management altered microbial guild structure, microbial respiration and soil carbon dynamics

(Soares et al., 2026), indicating that ecosystem recovery diverges not only aboveground but also belowground.
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Changes in BVOC composition observed across sites may have important consequences for atmospheric chemistry. For
example, shifts from monoterpene- to isoprene-dominated emissions, as seen following disturbance and during vegetation
recovery (Niinemets et al., 2010; Sharkey et al., 2008), can alter oxidation pathways and secondary organic aerosol (SOA)
formation potential (Guenther et al., 2012; Hallquist et al., 2009). Similarly, episodic increases in sesquiterpenes may enhance
SOA vyields due to their high reactivity (Lee et al., 2006). These shifts in BVOC composition and magnitude may therefore
influence post-fire atmospheric reactivity and aerosol formation at landscape scales.

Overall, our results show that BVOC emission recovery following wildfire is non-linear and controlled by shifting dominant
sources. Emissions are initially driven by litter-derived storage pools, followed by a decline as these pools are depleted, and
finally a recovery phase associated with vegetation re-establishment. The timing and magnitude of these phases depend

strongly on stand age and management practices, resulting in distinct recovery trajectories across sites.

5 Conclusion

Fire severity, stand age and post-fire management strongly influence the short-term recovery of BVOC emissions from the
forest floor following a boreal forest fire. High-severity fires in young stands resulted in persistently low emission rates during
the first years after disturbance, whereas mature stands exhibited elevated emissions shortly after fire due to the accumulation
of needle litter and woody debris. These emissions declined rapidly as litter inputs were depleted, particularly at salvage-
logged sites where the removal of trees eliminated continued inputs. In contrast, unlogged mature stands showed a more
gradual decline, reflecting delayed litter fall from standing dead trees.

Post-fire management further altered emission trajectories. Salvage logging caused a transient increase in emissions followed
by a rapid decrease to near-zero levels, whereas reforestation through planting led to increased emissions within a few years,
with emission profiles converging toward those of unburnt forests.

Overall, BVOC emissions during early post-fire recovery are not solely determined by fire disturbance itself, but by the
interaction between disturbance severity, stand structure and management practices. These factors shape both the magnitude
and composition of emissions, leading to distinct recovery pathways.

Our study provides new insights into BVOC dynamics during the critical early years following forest fire. The results highlight
the importance of accounting for disturbance legacy effects, stand age and management interventions when predicting BVOC
emissions. As fire frequency and intensity are expected to increase under climate change, shifts in forest structure and
management practices may alter BVOC emissions in ways that influence atmospheric chemistry and climate feedbacks. Long-
term observations are needed to capture the full trajectory of BVOC emission recovery and its role in boreal ecosystem-

atmosphere interactions.
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