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Restricted plant diversity limits carbon
recapture after wildfire in warming boreal
forests

Check for updates

Johan A. Eckdahl 1,2 , Jeppe A. Kristensen3,4 & Daniel B. Metcalfe2

Incomplete wildfire combustion in boreal forests leaves behind legacy plant-soil feedbacks known to
restrict plant biodiversity. These restrictions can inhibit carbon recapture after fire by limiting
ecosystem transition to vegetation growth patterns that are capable of offsetting warmth-enhanced
soil decomposition under climate change. Here, we field-surveyed plant regrowth conditions 2 years
after 49 separate, naturally-occurring wildfires spanning the near-entire climatic range of boreal
Fennoscandia in order to determine the local to regional scale drivers of early vegetation recovery.
Minimal conifer reestablishment was found across a broad range of fire severities, though residual
organic soil and plant structure was associated with restricted growth of a variety of more warmth-
adapted vegetation, such as broadleaf trees. This dual regeneration limitation coincided with greater
concentrations of bacterial decomposers in the soil under increased mean annual temperature,
potentially enhancing soil carbon release. These results suggest that large portions of the boreal
region are currently at risk of extending postfire periods of net emissions of carbon to the atmosphere
under limitations in plant biodiversity generated by wildfire and a changing climate.

The boreal region is undergoing a transition towards broadleaf overstory
dominance, a shift anticipated to be accelerated by longer and warmer
growing seasons under continued climatic change1,2. The pace of this
transition is currently limited by plant-soil feedbacks regulated by occupant
coniferous overstory3. For example, thick, nutrient-poor organic soil layers
and symbiosis with ectomycorrhizal fungi restrict overall plant biodiversity
and promote establishment and growth of conifer seedlings over broad-
leaved tree species4–9. High-severity wildfire can dismantle these limitations
through near-complete removal of resident vegetation and organic soil
layers, thereby creating favorable conditions for broadleaf tree germination
and growth10,11. The extent of shifts in overstory dominance after fire then
appears to be largely determined by the amount of on- and off-site provi-
sioning of broadleaf generative material, such as seed and budding sources,
which in turn is influenced by their landscape abundance in response to
ongoing climatic change12,13. Vigorous recruitment of broadleaf trees after
conifer forest wildfire can rapidly sequester carbon (C), reaching a greater
total amount of C than that held in previous conifer forest structure, pro-
viding a net sink of greenhouse gasses from the atmosphere over the dis-
turbance cycle13,14.

Under the recent decades of climatic instability, circumpolar reduc-
tions in boreal conifer recovery capacity are also being observed even under
lower-severity wildfire1,12,15,16. However, more information is needed
regarding the mechanisms and extent by which biotically-derived material
left behind afterfire can continue to resist alternate growthof both overstory
and understory vegetation. Conversely, heat-altered organic soil material
can serve as a steady source of nutrients under warmth-enhanced soil
decomposition, supporting more temperate, resource-demanding plant
species17. Although, limited propagule inputs of novel species to burn scars
due to slowly-migrating landscape vegetation cover, and their interaction
with remaining plant-soil feedbacks (such as thick organic soil layers and
ecto- and ericoid mycorrhizas), could limit the effect of enhanced growing
conditions on C recapture in the early postfire environment18–21. In light of
these combined challenges to regeneration under climate change, we pro-
pose that intermediate ranges of fire severity in warming boreal forests can
both restrict recovery of occupant overstory species by reducing their
reproductive capabilities while failing to completely remove the plant-soil
feedbacks capable of strengthening biodiversity constraints on overall
vegetation recovery. A dual limitation of occupant and novel species
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regrowth under increased decomposition presents a risk for enhancing the
severity and duration of net forest C emissions occurring during the years
following the initial period of wildfire combustion22. Lengthened delays in
the transition of boreal forests to C sinks after wildfire can leave a greater
portion of their landscape in relatively low C states at any given time,
consequently shifting theCbalance further from the land to the atmosphere
in the coming century.Although, the environmental factors regulating these
dynamics remain largely unknown, limiting predictions of boreal forest C
cycling under a changing climate.

This study surveyed the plant reestablishment stage within 2 years
following fire across 49 separate conifer forest wildfires spanning a 7.3 °C
mean annual temperature (MAT) range in boreal Fennoscandia (Fig. 1a).
The aim was to investigate patterns of ecosystem reorganization after
burning to determine how C recapture is controlled by the interactions of
plant regrowth with residual ecosystem vegetation, microbial communities,
soil structure and climate (Fig. 2). It was hypothesized that a broad range of
fire severity (determined by alteration of organic soil material and overstory
mortality) impaired the early recovery capacity of previous vegetation while
restricting plant community turnover. Resulting stagnation in primary
production capacity was expected to coincidewith aMAT-enhanced shift in
soil communities towards bacterial decomposers. It was anticipated that
these complex interactions would emerge as low levels of plant biodiversity
that constrain the ability of boreal ecosystems to recaptureCunder increased
warmth, likely establishing longer-term forest recovery trajectories that limit
landscape C storage over the coming decades of climatic change.

Results and discussion
Across the 49 sampled fire plots, a broad range of residual organic layer
thickness (ResOL, 2.5 to 17.1 cm,mean 7.0 cm), surviving conifer basal area
(LiveConifer 0.0 to 47.5 m2 ha−1,mean 14.4m2 ha−1) and estimated depth of

organic layer burn (BurnDepth, mean 4.6 cm, standard deviation 4.3 cm)
were observed. These measurements were combined with additional
environmental variables (Table 1) to explain the regrowth patterns of
vegetation on the forest floor. This was accomplished using correlation
analysis (Pearson’s r), simple regression (R2), multiple regression (R2,
standardized regression coefficients β), and distance-based redundancy
analysis (db-RDA, R2

adj, triplots). All unstated p values were below 0.001.

Conifer-induced barriers to plant regrowth diversity can be
reduced by wildfire burning
Of the sampled environmental variables, MAT provided the greatest
explanation for the species richness of recovering plant communities across
the 49 burn scars (R2 = 0.594, Supplementary Fig. 1a). This relationship was
further constrained (R2 = 0.695, MAT β = 0.915, Fig. 3a, Supplementary
Table 1) by the basal area of surviving conifer overstory (LiveConifer,
β =−0.202) and the concentration of microbial biomass in the soil (Mic-
Conc, β = 0.337). The two general fungal phospholipid-derived fatty acid
(PLFA)markers 18:1ω9 (r =−0.629) and 18:2ω6,9 (r =−0.596) were those
most strongly negatively correlated to MAT. In contrast, all significant
(p < 0.05) positive PLFA correlators with MAT were from gram-positive
bacteria (i16:0, i17:0, 10Me16, 10Me17, and a17:0). High proportions of
gram-positive to gram-negative bacteria (GP:GN) have been linked to oli-
gotrophic processing of soil organic matter23 and the biotic release of N to
the soil solution within the current study’s plots17. This means that wildfires
can replace components of fungal communities with nutrient-mobilizing
saprotrophic bacteria in proportions that are related to climate.

Under these conditions, LiveConifer failed to provide any restrictions
on themobilizationof inorganicN to the soil solution (iN,p=0.757) anddid
not significantly contribute to the differentiation of plant species or func-
tional groups regrowing below the forest canopy in db-RDA (Fig. 4).

Fig. 1 | Study site locations and vegetation survey.
aThe 49 separately sampledwildfires are shown on a
map of mean annual temperature (MAT) over the
normal period of 1961–1990 provided by the
Swedish Meteorological and Hydrological Institute.
bThe plotswere divided into threeMAT rangeswith
eight plant functional group contributions to total
subcanopy biomass plotted in bar charts. RhizErc:
ericaceous species that tend to resprout from their
rhizome after fire, broadleaf: broadleaved tree spe-
cies, graminoid species, forb species, SeedErc: eri-
caceous species that tend to germinate from seed
after fire, pteridophyte species, ShrubAM: arbus-
cular myccorhizal shrubs, and conifer species.
c Across the full range of sampled MAT, the per-
centage of broadleaf tree contribution to the reco-
vering biomass was plotted. Upwards pointing
orange triangles: forests with greater than 5 °Cmean
annual temperature, downwards blue triangles: less
than 2.5 °C, and gray circles: forests in between these
values.
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Furthermore, across all sampled plots, there was relatively little conifer
regenerationon the forestfloor ( < 0.1%of total recoveringbiomass), despite
more vigorous Pinus sylvestris recruitment previously observed during the
first years after wildfire in boreal Eurasia (e.g., > 100,000 seedlings ha−1 24,
two orders of magnitude higher than the current study’s estimate of about
1500 seedlings ha−1 sampled over 47.2m2 of biomass cuttings). No conifer
seedlings were found to reach above the understory, as visually surveyed
across the 1.96 ha of the 49 plots. Seedlings below the understory are
expected to have reduced survival rates due to competition with forest floor
plants, including for light25,26.

These combined results demonstrate a wide range of fire severities
capable of mitigating the capacity of the previously dominant conifer
overstory to utilize ecosystem resources liberated after fire in order to
recover, propagate and thereby influence the assembly patterns of com-
peting vegetation in the early postfire environment. However, a residual
influence of surviving trees was detected in their relationship to reduced
species richness of regrowing plant communities. This limitation was
potentially mediated by the replacement of conifer-supporting fungi with
more opportunisticmicrobes capable of driving soil turnover conducive to a
greater diversity of plant establishment.

The propagation of boreal conifers has been observed to require
genetically specific ectomycorrhizal fungi to maximize generation
success27,28. Once stressed, these microbes can require over a decade to
recover29. A combination of drought, wildfire, and climatic maladaptation
may have damagedmycorrhizal associations supportive of conifer resource
acquisition and reproduction in the current plots. Prolonged study of the
recovery capacity of boreal conifers is crucial to better determine their
contributions to the forest C cycle at the decadal scale. However, the current
study reveals an important window of time following wildfire burning,
under current climatic conditions, where coniferous control over nutrient
cycling can be breached even by low-severity wildfire17, opening boreal
forests to plant community turnover and consequent shifts toward alternate
ecosystem function. Notably, the reductions in fungal communities over
gradients of MAT suggest globally-dispersed observations of poor conifer
wildfire resilience15,16,30,31 may be connected to reductions in sensitive
mycorrhizal fungal communities under the influence of climatic warming.

Ericoid shrubs can provide a secondary resiliencemechanism to
forest state shifts
Under the limited ability of surviving conifer overstory to control nutrient
mobilization, the proportion of rhizomatously resprouting ericoid shrubs in

Fig. 2 | Conceptual diagram illustrating how mean annual temperature may
affect the interplay between species pools and different environmental filters
during the establishment of plant communities after fire. Previous observation in
the current study’s plots found microbial communities to rapidly reassemble within
the first year after fire, shifting fungal proportions to nutrient-mobilizing bacterial
decomposers over increasing mean annual temperature (MAT)17. In order for pri-
mary production to outpace enhancement of decomposition in a warming climate,
boreal forests need to either increase regrowth rates of previously occupant vege-
tation or transition to more warmth-adapted plant species. In the case of plant
community turnover, novel species must pass through multiple environmental fil-
ters in order to contribute to forest biomass accumulation. It was hypothesized that
shifts away from ericoid and ectomycorrhizal inhibition of plant diversity and
nutrient cycling, under burning and increasing MAT, would allow for stronger

postfire establishment of more temperate vegetation structure, such as greater
proportions of broadleaf trees in regrowth on the forest floor. Despite the relaxing of
these bio-nutrient-associated filters at higher MAT, a combination of poor soil
substrate quality (thick organic layers) and dispersal limitation (here unmeasured)
was expected to continue to inhibit overall species richness of plant community
assembly. These complex interactions were anticipated to emerge more simply as a
biodiversity constraint on the ability of plant communities to utilize increasingMAT
to acquire biomass across the 49 sampled plots. A potential consequence of these
limitations is a mobilization of carbon and nutrient (N, downward arrows: leaching,
upwards: biotic immobilization) away from the ecosystem at rates faster than their
reaccumulation, potentially establishing plant priority effects that determine longer
term trajectories of forest recovery and associated carbon storage capacity.

Table 1 | Independent variables used in regression and
distance-based redundancy analyses

Variable Unit Derivation

MAT °C 1961–2017 averaged mean annual temperature

MAP mm 1961–2017 averaged mean annual precipitation

LiveConifer m2 ha−1 Basal area of living conifers

ResOL cm Residual organic layer thickness in burnt plots

BurnDepth cm Estimated reduction of organic layer thickness due to fire

ρ kgm−3 Organic layer bulk density

C:N – Organic layer total C divided by total N

pH – pH value extracted from the duff layer

iN ppm Resin capsule adsorbed NH4 and NO3 in organic soil

GP:GN – Ratio of gram-positive to gram-negative bacterial PLFA
markers

MicConc nmol g−1 Concentration of PLFA markers per duff sample mass

Variable names are given alongside their unit and a description of their formulation.
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the sampled regrowing vegetation (RhizErc) was negatively related to soil
inorganic N availability (iN) and the nutrient-mobilizing GP:GN in db-
RDA (Fig. 4b). RhizErc was also directly negatively related to GP:GN (r =
−0.575, Supplementary Fig. 1b). Hence, ericoid mycorrhizas appeared to
play an important role in the immobilization of forest N after burning.
Furthermore, the apparent suppression of saprotrophic activity resembled
the Gadgil effect studied in mature forests32 but instead regarding the
competition of ericoid mycorrhizas with bacterial decomposers in the
postfire environment.

In undisturbed systems, ericoid mycorrhizas are known to be highly
competitive in their ability to regulate the N cycle18. Despite their relatively
small standing biomass compared to the overstory, ericaceous shrubs have a
highmaterial turnover andare therefore an importantC sourceandnutrient
sink to, and from, the soil and can even suppress tree seedling growth19,33.
Ericoid mycorrhizal fungi can survive without plants during periods of
disturbance allowing for a quick reestablishment of resource exchange with
their resprouting host vegetation18. The ability of ericoid mycorrhizas to
substitute the C-provisioning and nutrient immobilizing capacity of con-
iferous overstory presents an important and overlooked resilience
mechanism of northern forests to climate driven deborealization (i.e., shifts
from conifer- to broadleaf-dominated forest, with associated increases in
rates of nutrient cycling and reduced soil organic layer depth).

Of the species associated with the variable RhizErc, Vaccinium myr-
tillus was most responsive to iN and the residual thickness of the organic
layer (ResOL) in db-RDA. This species is important for C dynamics in
Fennoscandian forests19,33, though functional genetic adaptation to broad
ranges of climate may be compromised by the asexual sprouting mechan-
isms afterfirewhen combinedwith localwarming34.MATrelatednegatively
to RhizErc (r =−0.688, Supplementary Fig. 1c) and positively to GP:GN
(r = 0.531, Supplementary Fig. 1d), meaning boreal resilience provided by
ericaceous understory against accelerated nutrient cycling supportive of
broadleaf encroachment may dwindle under continued climatic change.
High-severity wildfire that removes ericaceous rhizomes alongwith organic
layer material may reduce barriers to the establishment of novel species,
especially broadleaf trees. However, lower-severity wildfire combined with

forest warming may suppress important primary production and nutrient
retention by ericoids, without promoting alternate growth. This could lead
to the opening of extended resource drains from the ecosystem through the
mineralization and mobilization of C and nutrient stored within the forest
floor, potentially limiting future capacity to either recover previous forest
structure or transition to broadleaf dominated forest17.

Climate warming and wildfire can prime soils for broadleaf
overstory growth
The documented fire-resilience of arbuscular mycorrhizal fungi29, and their
ability to associate with a range of boreal-adapted broadleaves35, provides
them an initial advantage in the postfire environment over slower-reco-
vering, often host-specific, ectomycorrhizal fungi. The initial restructuring
of belowground communities through the replacement of conifer-
associated microbes with nutrient-mobilizing bacteria has the potential to
prime soils for the establishment of more temperate, N-demanding plant
species such as broadleaf overstory at the expense of the regeneration
capacity of conifers.

Among the regrowing plant functional groups, broadleaf trees were
most responsive to the combined effects of MAT and the nutrient-
mobilizing GP:GN in db-RDA (Fig. 4b). The percentage of broadleaf bio-
mass contribution to the recovering plant communities experienced a dis-
tinct boost from 3.9% to 20.4% above 5 °C MAT (Fig. 1c). Much of this
contribution in cooler regions (i.e., less than 5 °C MAT) was derived from
prefire occupant birch species (52.3% broadleaf biomass therein), though
outlyingbroadleaf proportionswereobservedunder the singular occurrence
of the off-site derived Salix sp. (10.7% plot biomass, 17.1 cm ResOL) and
Sorbus aucuparia (15.1%plot biomass, 8 cmResOL). Broadleaf biomasswas
not related to ResOL in db-RDA, however. Residual organic layer thick-
nesses ranged from 2.5 to 17.1 cm (mean 7.0 cm), mostly well-above the
2 cm threshold belowwhich explosive broadleaf growth in Sweden has been
recorded at similar time-after-fire (averaging 17,000 seedlings ha−1)36.

The results of the current study, when compared to previous
observations of broadleaf growth dynamics under extreme fire condi-
tions within the region36, exhibit a broad restrictive control of the

Fig. 3 | Biodiversity mediation of temperature effects on plant growth. a Two
multiple regression results explaining species richness and plant growth were
visualized with incoming arrows labeled, colored and sized according to standar-
dized regressions coefficients of predictor variables. All significant regressions
(p < 0.05) between predictor variables are also presented accordingly. Simple
regressions of biomass regrowth on MAT (b, R2 = 0.353) and species richness

(c, R2 = 0.489) were plotted. Heteroscedasticity of the MAT regression was reduced
by shifting plot plant growth values across the species richness axis. A random
number between ± 0.2 was added to the species richness values during chart gen-
eration to improve legibility. Upwards pointing orange triangles: forestswith greater
than 5 °Cmean annual temperature, downwards blue triangles: less than 2.5 °C, and
gray circles: forests in between these values.
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residual organic soil layer on broadleaf tree propagation, with this
restriction only partly overcome by the replacement of fungal commu-
nities with soil fertilizing bacteria under increased MAT. Although,
specific locations provided outlying broadleaf tree growth even in cooler,
less-fertile regions, implying establishment bottlenecks may have arisen
from limited dispersal of broadleaf species in northern areas. The cur-
rent climatic conditions across the boreal regionmay therefore be able to
support a greater variety of plant species thanwhat can be provisioned by
landscapes both naturally and artificially organized under the conditions
of the previous century. The ability of burnt forests to recapture C after
fire appears to be determined by multiple, interacting controls derived
from postfire soil conditions and regional variation in species pools
under the influence of climate. As a consequence, the utilization of
resources made available by wildfire burning may be bounded by
restricted plant diversity under longer and warmer growing seasons
associated with increased MAT.

Carbon recapture can be limited by plant biodiversity
Of the environmental variables measured, MAT best explained plant bio-
mass recovery rates on the forest floor (R2 = 0.353, Fig. 3b). However,
recovery rates under this relationship became increasingly variable at higher
levels ofMAT,with this variation better constrainedwhen instead explained
by species richness (R2 = 0.489, Fig. 3c). When combining species richness
with the environmental variables, the best model to explain biomass
recovery (R2 = 0.615, Fig. 3a, SupplementaryTable 2) included the predictor
variables species richness (β = 0.666), MicConc (β =−0.288) and Burn-
Depth (β =−0.252).

These results suggest that macroclimatic influence on early postfire
plant regrowth on the forest floor is largely mediated by species richness
limitations during initial plant community assembly. The growth patterns
discussed above suggest this limitation is driven by both the availability of
plant generative material and site conditions conducive to their establish-
ment. Furthermore, vegetation regrowth appears to be especially restricted
under moderate fire severity which burns deep enough into the soil to alter
plant and microbial regenerative structure, while leaving behind enough
legacy material to inhibit novel species establishment. The current study
provides a direct demonstration of the influence of plant biodiversity, as
modulated by natural environmental interaction, on the ability of boreal
forests to recapture C in the years immediately following wildfire.

Mesocosm growth experiments generally show a positive relationship
between initial species richness and peak system biomass. Yet species
richness has a variable relationship to biomass in natural late-successional
communities, implying a filtering effect during community assembly that
benefits from expanded selection within initial pools of species function37.
This theory aligns with the current study’s observation of initial diversity
constraints on the accumulation of biomass in the sampled burn scars.
When paired with warmth-enhanced decomposition, this effect has the
potential to both delay the transition of forests to states of net C recapture
and establish recovery trajectories limiting its maximal accrual. Muchmore
research is needed to connect early forest recovery patterns to longer term
growth trajectories, especially under conditions of adaptive mismatch
between climate and extant vegetation38. However, extending under-
standing of biodiversity from small-scale experimentation and observation
in mature systems to the greater spatiotemporal scales of forest disturbance
cycles is important for better determining the C storage capacity of the
boreal region in the coming decades of climate change.

Conclusions
Across the near-entire climatic extent of boreal Fennoscandia, a relatively
weak early recovery of boreal conifers was observed under a wide range of
burn severity, resulting in less than 0.1% coniferous biomass contribution to
resprouting vegetation at 2 years post fire. The density of surviving con-
iferous overstory placedno constraints onnutrientmobilization anddid not
influence the composition of plant communities on the forest floor. Yet
these conifers did manage to place restrictions on overall plant diversity.
Plant-soil feedbacks emerged through the resprouting of ericoid shrubs,
which suppressed both nutrient-mobilizing saprotrophic bacterial com-
munities and overall N availability. This understory-enforced suppression
mechanism dwindled under increasing warmth across the sampled climate
gradient, and was paired with an increase in the proportion of broadleaf
contribution to the recovering plant communities. Though, in warmer
regions, an increased variability of overall plant recovery rate was con-
strained by limitations on establishing plant species richness. This restric-
tion was further enhanced by low microbial community biomass
concentration and the depth of burning in the soil organic layer, though
depthofburndidnot surpass thresholds knownwithin the region toprovide
for the most rapid broadleaf tree growth.

It is therefore proposed that boreal forests have intermediate ranges of
fire severity that can reduce plant-soil feedbacks supportive of regrowth, but
leave in place those that inhibit more diverse plant colonization. A dual
limitation of previously occupant and novel species growth under warmth-

Fig. 4 | Response of plant community development over environmental gra-
dients. Distance-based redundancy analysis explaining sampled plant species (a, R2

= 0.300, R2
adj = 0.219) and functional groups (b, R2 = 0.427, R2

adj = 0.345). All
displayed axes are significant (p < 0.05). Species scores in the upper panel were
doubled to improve legibility. Upwards pointing orange triangles: forests with
greater than 5 °C mean annual temperature, downwards blue triangles: less than
2.5 °C, and gray circles: forests in between these values. Results demonstrate a clear
separation of resprouting boreal ericoids (RhizErc) from a greater diversity of
vegetation by the sampled environmental variables.
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enhanced rates of soil decomposition can provide for net postfire emissions
of C and eutrophication of surrounding systems that are likely to become
more extreme under the coming decades of climatic change17,39. Land cover
shifts associated with this wildfire driven reorganization of elements have
the potential to further determine atmospheric energy balance by adjusting
surface reflectivity40,41. Extended postfire vulnerability of boreal C stores is
expected to be greatest in regions with high concentrations of fire-resisting
vegetation, such as boreal Eurasia, with successional dynamics thatmay not
be well-adapted for providing plant function capable of quick recovery
under changing burn extremities42. The ineffectiveness of surrounding
forest structure in providing a diversity of generative material that is suc-
cessful in burn scars under altered fire and climate regimes has the potential
to be further limited by phenotypically uniform forestmanagement and low
landscapegene conductivity that restricts thepaceof plant species shiftswith
regional warming. The resulting greenhouse gas fluxes that occur in the
years following burning may be overlooked by a sustained focus within fire
research on quantifying initial emissions of high-severity wildfire burning.
Further time-extended quantification of boreal wildfire-associated emis-
sions across the full range of burn severity are likely to become increasingly
important for understanding the contribution of forests to the land-
atmosphere C balance under continued global change.

Methods
Plot selection and climate analysis
The current study provides a survey of vegetation regrowth patterns uti-
lizing 49 of the 50 separate wildfires occurring during summer 2018 in
Sweden which were part of previous published studies linking climate
variation to fire severity, microbial community shifts and nutrient
mobilization17,43–45. The northernmost of these 50 plots was not sampled in
the current study due to post-fire salvage logging which destroyed the
developing vegetation community. The original 50 burnt plotswere selected
to maximize spread across climate gradients within Sweden from a pool of
325 fires identified from the summer 2018 period that had perimeters
manually mapped by the Swedish Forest Agency. Mapping was performed
by drawing perimeters around burn scars delineated using Normalized
Burn Ratio (NBR) values derived from Sentinel-2 bottom-of-atmosphere
corrected bands 8 and 12. Close to the highest NBR pixel values in each
separate burn scar, one 20 × 20m2 plot was established for field sampling.
Elevation data for each plot was provided by the Swedish Mapping,
Cadastral and Land Registration Authority from a 50m resolution digital
elevation model46. Slope was calculated from this data using the “slope”
function within the ArcGIS software environment. All forest stands were
located on minimally sloping land (less than 15° slope). Topo-edaphically
evaluated soil moisture potential (TEM), which was considered a metric of
soil drainage, was used to avoid wetland areas47. TEMwas provided at 10m
resolution and given as integer values ranging from 0 to 240 (in order of
increasing moisture potential) and was based on the Soil Topographic
Wetness Index48 in areas where soil type information was available and on
the two topographic indicesDepth toWater49 and theTopographicWetness
Index50 where soil information was unavailable. Further details and data
sources are provided in ref. 43.

Application of these site-selection filters resulted in plots with mean
annual temperature (MAT) and precipitation (MAP), ranging from
0.43–7.77 °C and 539–772mm, respectively, during the years 1961–2017,
using regional climate data provided by the Swedish Meteorological and
Hydrological Institute (SMHI). Under a given set of macroclimatic condi-
tions, ecosystem structure can alter temperature in the subcanopy and soil
which together may have a more direct effect than regional MAT on the
sampled biotic and abiotic factors of the current study. Three recently
produced maps of mean annual temperature in the subcanopy at 15 cm
above the forest floor51 and in the soil between 0-5 cm depth and 5–15 cm52

had strong multicollinearity with regional MAT (p < 0.001, Pearson’s r >
0.94 for all) and therefore only the macroclimatic values were used in
analysis. Frost free days were calculated as the count of days per year when
the average air temperature was above 0 °C. For each year, growing degree

days were the sum of daily average air temperatures that were above a
threshold of 5 °C, each subtracted by 5 °C. The 49 plot values averaged over
1961-2017 for these twometrics were highly correlatedwith their respective
MAT values (p < 0.001, Pearson’s r > 0.98 for both), indicating that the
MAT variable was a representative measure of the variation in thermal
energy directly useful to plant growth.

Initial vegetation mortality and fire impact field survey
During the first field visit in summer 2019 (1 year post fire), plot-wide tree
mortality was measured as the percentage of stems with zero green needles
in their respective canopies53 for all standing or lying trees with their base
inside the plot boundaries and diameter at 130 cm from its base greater than
5 cm. For all stems surveyed, specieswere also recorded and assessed for fire
damage todetermine themodeof heat propagationduringfire. This allowed
for the production of the variable LiveConifer, which is the total basal area of
living conifer stems (m2 ha−1). The 49 burnt plotswere largely dominated by
Pinus sylvestris (Scots pine) with the percentage of Picea abies (Norway
spruce) stems between 25% and 50% in five plots, between 50% and 75% in
three plots, and greater than 75% in two plots. Birch stems (Betula pendula
and Betula pubescens) were less than 25% in 44 plots and between 25% and
50% in six plots, of which only one was spruce dominant. All plots showed
some visible charring of tree boles, though only three plots had greater than
1% plot-wide canopy blackening (i.e., evidence of crown fire). The observed
lack of charring in the canopy led to the assumption that themajority of the
direct heating impact of fire was restricted to the lower tree boles and soil
layers and an average consumption of 90% of estimated prefire understory
biomass, as discussed further in ref. 43.

Soil sampling and measurement
Soil-based variablesweremeasured in previouswork17,43 so their derivations
are only briefly described in this section. During the first field visits in 2019,
four organic layer soil samples were taken at each plot corner in accordance
with ref. 43. The samples were dried at 40 °C for 3 days with volume and dry
weight recorded, producing values for bulk density (ρ) in units of kgm−3.
The samples were pulverized, packed in tin capsules and combusted in a
Costech ECS 4010 elemental analyzer, equipped with a 2m packed chro-
matographic column for gas separation, to produce values of C and N
fraction by sample weight. Dividing total C by N gave values for organic
layer C:N. The thickness of the organic layer wasmeasured inmillimeters at
20 separate points equally spaced across eachplot diagonal54 andaveraged to
produced values for the variable ResOL (residual organic layer). These
organic layer depth values were subtracted from identically performed
measurements in unburnt plots paired to each burnt plot to give values for
BurnDepth. Plot-pairmatchingmethodology andmoredetail regarding soil
measurements are provided by ref. 43.

Before drying, a fraction of the duff portion of the samples, which was
the organic layerwith surfacepyrogenic and litter layers removed (i.e., duff is
the conglomerate of the F (partially decomposed material) and H (humic
material) layers in accordance with the Canadian system of soil
classification55), was sieved to 4mm and freeze dried to be used for analysis
of PLFAandpH.For pHmeasurement, 1.0 g of soil wasmixedwith 20.0mL
of deionized water (resulting in an approximated 1:2.5 volume:volume
dilution) and shaken vigorously for at least 1 min. The electrode was
immersed in this solution for an additional 1 min, giving stable readings to
two decimal places.

Phospholipid-derived fatty acid analysis
Phospholipid-derived fatty acid (PLFA) analysis was performed on the
freeze-dried soil samples by the SwedishUniversity ofAgricultural Sciences,
Umeå, Sweden with the extraction and methanolysis of the soil PLFA fol-
lowing themethod in ref. 56 asmodified by ref. 57. Resulting fatty acidmethyl
esters (FAME) were separated with gas chromatography giving calibrated
measures of 24 individual FAME compounds as nmol per g soil sample.
Total measured PLFA can be used as a metric of living soil microbial
biomass due to its tendency not to persist as soil organic matter58–60. The
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spectroscopically measured FAME concentrations were utilized as an esti-
mate of relative microbial biomass per mass soil (nmol g−1) across the
sampled plots and abbreviated as “MicConc”. Gram-positive bacteria
consisted of 10Me16:0, 10Me17:0, 10Me18:0, i14:0, i15:0, a15:0, i16:0, i17:0,
and a17:0 markers23,58,61. Gram-negative bacteria were the sum of cy17:0,
cy19:0, 16:1ω7, 16:1ω9, 17:1ω8, and 18:1ω723,58,61. The quotient of the
summedmass of each of these two groups formed the indicator GP:GN for
each plot. More detail on PLFA processing is provided in ref. 17.

Nutrient analysis
During the 2019 field campaign, 3 resin capsules (PST-1 ion-exchange
capsules, Unibest, Walla Walla, Washington) per plot were buried equally-
spaced at about 5m from the plot center in the organic layer consistently at
~2 cm above its interface with the mineral layer below. There they acted to
adsorb solvated ions effectively irreversibly, providing a time-integrated
view of nutrientmobilization into the soil solution. 137 viable resin capsules
were retrieved during a second field campaign ~1 year later, with the
remainingmissing or damaged.While in thefield, the capsuleswere cleaned
by shaking vigorously in a sealed vial with several applications of clean
deionizedwater until appliedwater was clear and free fromdebris. Capsules
were kept refrigerated each in individual plastic bags and then sent to a
commercial laboratory for processing.

Resin capsule processing involved further cleaning with deionized
water and then extraction of resin capsule adsorbates individually by
rinsing with 2 N HCl at a rate of 1 mL min−1 for 50 min, resulting in
volumetric 50 mL solutions of leachate. Each solution was separately
analyzed for concentration of NH4 and NO3 and given in ppm (mg L−1

for mass of N atom alone). NH4 and NO3 concentrations were deter-
mined from aliquots of the extract solutions using flow injection analysis
(FIA) and UV/VIS spectroscopy with an FIAlab-2500 (FIAlab Instru-
ments, Seattle,Washington). Resulting ppmvalues werematrixmatched
by identical processing of separate resin capsules which were soaked in
3rd party manufactured standard solutions of common soil ions. This
procedure was performed before every run of 25 samples and provided
an analytical repeatability within ± 0.5%. The resulting 137 sets of ppm
values were averaged per plot providing 49 values for each of the two
chemical species, which were summed per plot to give total resin
adsorbed inorganic N (iN).

Floristics survey
Afloristics surveywas performed for each of the 49 plots in summer 2020 (2
years postfire) to capture the vegetation establishment stage62. Eachplotwas
divided into quarters and a 40 × 40 cm sampling quadrat was placed ran-
domly into each area. All vegetation within the quadrat was clipped at the
soil surface and stored. This procedure was performed again but with the
plot split in two instead of four areas, resulting in a plot-wide conglomerated
sample of six cuttings. One plot was sampled seven times, though all bio-
mass values were divided by total sample area per plot to give units of g m−2.

Each plot samplewas dried for 3 days at 40 °C and dryweight recorded
for use in analysis. For eachof the 49plots, the recorded speciesweightswere
divided into eight functional group categories including broadleaf (tree
species only), conifer, pteridophyte, forb, and graminoid. Shrubs were split
into three additional categories: ericaceous species that tend to resprout
rhizomatously after fire (RhizErc, including Vaccinium vitis-
idaea,Vaccinium myrtillus, and Vaccinium uliginosum)63,64, ericaceous
species that tend to germinate from seed (SeedErc)65, and arbuscular
mycorrhizal shrubs (ShrubAM).Nomossor lichenbiomasswas found,with
the forest floor below the regrowing plants being covered by a layer of char
and some postfire additions of plant litter.

Random sampling of the relatively small areas covered by the quadrats
had thepotential tomiss themeasurement of plant species present in eachof
the larger 20 × 20m2 plots. However, during postfire plant community
assembly information about species that can contribute to possible com-
munity assemblages in a given burn scar can also be missing due to sto-
chastic processes (e.g., absent from surrounding species pools or

succumbing to priority effects), thereby requiring regionally dispersed
replication for improved statistical constraint on the drivers that influence
development of plant community structure. The current study design chose
to trade small sampled area per plot for spatially-dispersed, high replication
across broad environmental gradients in order to reach this goal. As an
added precaution, biomass to species richness relationships were derived
from the same sampled area (within the quadrats), forming a directly
measured relationship between these two properties. Furthermore, during
methodological development, and at each of the 49field sites, the 20 × 20m2

plots were divided into 16 parts where a presence-absence plant survey was
performed to assess plot heterogeneity. No alarming deviations in species
occurrence relative to that sampled in quadrat cuttings were detected.
Notably, across all plots, no prominent conifer seedlings were observed,
which aligned with conifer biomass observations being restricted to only
seven, less than 5 cm tall seedlings found within the biomass cuttings.
Therefore, the sampling methodology was determined to be well-suited for
study of regional variation in plant community response to wildfire and the
implications for C cycling.

Calculation of plant diversity and regrowth rate
Species richnesswas calculated simply as the number of plant species within
biomass samples per plot. Regrowth rate of the sampled plant communities
was calculated as the total dry biomass collected per burnt plot sampled area
measured in summer 2020 and given in units of gm−2.

Correlation, simple regression and multiple regression model
selection
Simple regressionwas performed using scipy.stats.linregress in Python 3 and
provided significance via a p value and an additional calculation of bivariate
correlation using Pearson’s r. Multiple regression was performed by
inputting standardizedvariables (i.e., converted toZ-scores) to theOLS class
in the statsmodels66 package using the Python 3 interpreter. The OLS class
used the ordinary least squares regression approach to predict a single
response variable based on linear combinations of predictor variables and
gave as an output R2;R2

adj, Akaike information criteria (AIC), and Bayesian
information criteria (BIC) values for the model fit as well as standardized
regression coefficients (β) for the explanatory variables67. Multiple regres-
sion model selection was performed by beginning with the dependent
variable producing the highest R2

adj value and adding the variables, one at a
time, thatmost increased this value. CorrectedAIC (AICc)was calculated as

AICc ¼ AIC þ 2k2 þ 2k
n� k� 1

wherek is thenumberofmodel parameters andn is the sample size67.ΔAICc
and ΔBIC values were produced from the difference of the current model
from the lowest AICc and BIC in the entire model selection process,
respectively.

Distance-based redundancy analysis
Due to the partly stochastic nature of early ecosystem assembly, plant
species abundances often do not form linear or unimodal responses over
environmental gradients, prohibiting the use of many common linear
models to directly constrain interspecific variation, as was the case with
the current floristics data. This problem can be overcome by first statis-
tically analyzing metrics of community similarity, rather than individual
species’ abundance. To give insight into the ability of the environmental
variables to explainplant species and functional group variation, distance-
based redundancy analysis (db-RDA) was used on the 49 individual
plots68. This approach utilized the class capscale from the R package vegan
to transform the area-normalized plant biomass data into principal
coordinates using the Bray-Curtis dissimilaritywhichwere then predicted
through standard redundancy analysis by the normalized environmental
variables69. The data transformation allowed for the varied response
patterns of individual plant species or functional groupvariables (i.e., non-
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linear, non-unimodal) to be predicted with robust estimates of model
performance given through parameters such as R2

adj. Site and predictor
variable scores were plotted along the two strongest axes of explanation
with the non-transformed plant data projected as points to demonstrate
their relationship to their constrained principal coordinates. Model
selection was performed using the vegan function ordi2step to select the
specific set of explanatory variables, each with p < 0.05, that produced
models with the highest R2

adj.

Data availability
All original data collected and prepared for thismanuscript is fully available
at the following repository: https://doi.org/10.5281/zenodo.10017293. All
additional data used for analysis in this paper was taken directly from the
following publications: https://doi.org/10.3389/ffgc.2023.1136354; https://
doi.org/10.5194/bg-19-2487-2022.
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