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Short-interval wildfire and drought
overwhelm boreal forest resilience

Ellen Whitman'?*, Marc-André Parisien(®?, Dan K. Thompson? & Mike D. Flannigan?
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The size and frequency of large wildfires in western North America have increased in recent years,
atrend climate change is likely to exacerbate. Due to fuel limitations, recently burned forests resist
burning for upwards of 30 years; however, extreme fire-conducive weather enables reburning at shorter
fire-free intervals than expected. This research quantifies the outcomes of short-interval reburns in
upland and wetland environments of northwestern Canadian boreal forests and identifies an interactive
effect of post-fire drought. Despite adaptations to wildfire amongst boreal plants, post-fire forests at
paired short- and long-interval sites were significantly different, with short-interval sites having lower
stem densities of trees due to reduced conifer recruitment, a higher proportion of broadleaf trees, less
residual organic material, and reduced herbaceous vegetation cover. Drought reinforced changes in
proportions of tree species and decreases in tree recruitment, reinforcing non-resilient responses to
short-interval reburning. Drier and warmer weather will increase the incidence of short-interval
reburning and amplify the ecological changes such events cause, as wildfire activity and post-fire
drought increase synergistically. These interacting disturbances will accelerate climate-driven changes
in boreal forest structure and composition. Our findings identify processes of ongoing and future change
in a climate-sensitive biome.

The circumpolar boreal zone contains approximately 30% of Earth’s forests, with one third of boreal forest land
located in North America. North American boreal forests are globally important as they provide essential eco-
system goods and services, act as carbon sinks and sources, and contain extensive areas of unmanaged land!?.
Boreal forests typify the fire-adapted biome, having co-evolved with wildfire since the most recent retreat of
glaciers. Large, infrequent, and high-intensity wildfires are the dominant disturbance in this region. Such fires are
generally stand replacing, as they tend to cause widespread mortality of overstory trees and understory plants®”.
Climate change-induced alterations of fire regimes and the composition of post-fire boreal forests will have
broad-reaching impacts on the global carbon balance and local ecologies and economies.

Observed fire frequencies, or fire-free intervals, in the western North American boreal forest range from hun-
dreds of years to approximately 30 years between stand-replacing wildfires**. Recently burned areas in the boreal
forest generally resist reburning for upwards of 30 years after a fire®’, due to the lack of necessary fuel allowing fire
ignition and spread®’. Despite such limitations to fire occurrence, extreme fire weather conditions can override
these controls, allowing fires to spread in fuel-limited recently burned areas®”.

Coniferous trees dominate western Canadian boreal forests, with broadleaf tree species making up a signif-
icant but often secondary component of many stands. Adaptations to wildfire, such as vegetative regeneration,
seed banking in soils, and serotinous or semi-serotinous cones are common amongst boreal plant species and
allow plants and trees to rapidly repopulate burned areas following lethal fires*!°. These adaptations promote
the persistence of species that were present prior to the disturbance, allowing stand self-replacement or “direct
regeneration’, and conferring substantial forest resilience to disturbance'!.

Although boreal forest plant species are adapted to severe wildfires, changes to fire regimes (regional char-
acteristics of fire behaviour, ignitions, seasonality, extent, and effects) may exceed the capacity of species to
regenerate following fire when pushed beyond the limits of their adaptation, compromising forest resilience'>.
Where disturbances occur in rapid succession relative to historical frequencies, boreal forest recovery may be
severely limited by the lack of seed sources or bud banks'*!4, and state-changes may occur, subverting stand
self-replacement expectations and shifting the balance of vegetation types on the landscape'®. Research suggests
that the extent and frequency of wildfire, and biomass burning in western North American forests have increased
under modern anthropogenic climate change'®-'8, and will continue to do so, as the climate warms'®-?!. Increasing
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Figure 1. Location and fire history of the study area. (a) Recent (1984-2016) Canadian®” and Alaskan (USA)”®
fire perimeters (grey) in the context of the North American boreal forest (green)””. The extent of panel (b) is
indicated with a black rectangle. (b) The distribution of sampling sites in the study area. Sites are identified

as black squares. Sampled wildfires are coloured by year of occurrence and superimposed on wildfires that
occurred in the recent past (1980-2015; grey) on the landscape at the time of sampling. Wood Buffalo National
Park (WBNP) is outlined in grey, major roads are shown in black, and the extent of panel (c) is indicated with a
black rectangle. (c) Detailed area showing an example of the sampling design of paired sites with short and long
fire-free intervals.

fire activity and extreme fire weather are likely to increase the extent and frequency of short-interval reburning
events, as fuel-driven controls on landscape resistance to fire are overwhelmed®”.

Complicating post-fire forest recovery, climatic conditions may be increasingly inhospitable for those viable
seeds that are able to establish, due to increasing drought stress**-2%. Compounding the effects of drought stress,
northern provenances of some boreal tree species are likely to be maladapted to altered climates, and demonstrate
low resilience and adaptation to drought®?°. Although the impacts of drought on post-fire recruitment in more
south-western forests have been documented>*, effects of drought on post-fire recruitment in North American
boreal forests are largely unexplored.

The occurrence of short-interval reburning and drought are inherently linked’, and these disturbances are
likely to accelerate concurrently in the future, making it important to gain an understanding of how and whether
fire frequency and post-fire drought in the boreal forest may interact to alter post-fire tree recruitment. The
northwestern boreal forest is a hydrologically diverse landscape, with a substantial wetland component (up to
50% of land area, in some regions)?’. It has been suggested that boreal wetlands may be resilient to fire, as forested
peatlands are more resistant to shifts in tree species composition following fire than neighbouring uplands?*%.
Hydrological feedbacks that retain elevated water tables in wetland environments, and connections between wet-
lands and uplands may buffer drought and climate change effects in the boreal forest®**!, but limited research
on boreal post-fire recruitment exists that examines both productive uplands and wetland environments, where
moisture stress may be less limiting.

Our goal was to describe and quantify differences in forest structure and composition across a biophysical and
hydrological gradient of paired sites that burned with long and short fire-free intervals (FFIs), in a range of
post-fire climate conditions. We classified sites as having experienced short (<17 years between fires) and long
(>30 years between fires) FFIs (confirmed using dendrochronological methods). The >30 year threshold for
determining a “long” FFI was selected to represent the duration of fuel limitation of reburning in the study area’®,
assuming that fire weather in sites experiencing short FFIs likely overwhelmed this control®”. We employed a
paired study design where each long-FFI site was paired with a short-FFI site that burned in the same wildfire,
and in the same pre-fire ecosite type®, but with a different stand origin. The primary difference between paired
sites is thus the fire history of the two sites, rather than post-fire climatological conditions (pairwise correlations
between site conditions reported in Table S2). By pairing sites of the same age and ecosite in this manner we are
able observe persistent differences in forest structure and composition across hydrological gradients in a large
study area (Fig. 1), and over a range of times post fire (1-21 years). Site pairs were closely matched in pre-fire tree
species compositions, stand structure, and biogeographic settings (Table S2). We sampled sites in both uplands
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and wetlands with varying drainage to characterize the strength of effects along a hydrological gradient. This
study design also enabled us to capture a variety of post-fire climatic conditions and moisture availability, as fires
originated from seven different fire seasons, and therefore experienced diverse post-fire drought conditions.
Additional details of site pairing and analyses are discussed in the methods and supplementary information. For
these analyses, we created one group of all conifers and a second group of all broadleafs. Although both serotinous
and non-serotinous conifers exist in this region, the majority of pre-fire conifer stems at all sites (X =75%) were
from serotinous species.

Specifically, we sought to determine whether the structure and composition of plant communities at
paired short-FFI and long-FFI sites were significantly different, and whether these differences varied between
well-drained and poorly-drained sites. We compared post-fire plant communities and tree seedling densities
using t-tests and Wilcoxon signed-rank tests for paired data (adjusted for multiple comparisons) and Hill num-
bers equivalents. Subsequently, we used generalized linear models to characterize the relative influence of pre-fire
forest structure, post-fire seedbeds, and post-fire moisture stress (drought) as drivers of observed densities and
compositions of trees recruited after fire. Using these methods, we are able to quantify changes in forest structure
and composition directly resulting from FFI across a range of fire histories, attribute such changes to ecological
drivers, and characterize the effect of drought on post-fire recruitment in interaction with FFI in the northwestern
boreal forest.

Results

Short-interval sites demonstrated more severe effects of fire than corresponding long-interval sites, indicated by
a lower post-fire canopy density (p =0.006), shallower residual organic soil (p =0.010; Fig. 2), and less residual
biomass of rotten coarse woody debris (p =0.009) across all sites (Table S3). Upland short-FFI sites had more
exposed mineral soil (p =0.009; Fig. 2), and less surface cover of organic matter (p=0.009), but these effects were
not detected in wetlands (Table S3). Post-fire soil chemistry was also significantly different between short- and
long-FFI pairs, with short-interval sites having lower mineral soil nitrogen (p = 0.034) across all sites.

The density and species composition of the post-fire tree cohort was also significantly different between sites
with long and short FFIs. Total post-fire stem density of seedlings and propagules was significantly lower for all
tree species combined (p =0.007), and for conifer seedlings, specifically (p = 0.006; Fig. 2; Table S4). Of those
seedlings that successfully established, the proportion of conifer stems in the post-fire cohort was lower following
short FFIs than in long FFIs (p = 0.006; Table S4). On average, short-FFI pair-member sites had 24.2% lower total
stem density of tree seedlings than the long-FFI member, and conifer seedling stem density was only 51.9% of
that of the long-pair member. This represents an average reduction in post-fire tree stem density of 6.18 stems/m?.
This reduction is entirely attributed to conifers; short-interval sites had an average conifer seedling deficit of 6.18
stems/m? (61818 stems ha™!), relative to the long-interval pair-member. 72% of short-FFI sites had fewer than
50% conifer stems in the post-fire seedling and propagule cohort, whereas only 12% of long-FFI sites were not
conifer-dominated. Broadleaf seedling and propagule density was not significantly different between short- and
long-FFI pairs (Fig. 2; Table S4).

Density and composition of post-fire tree seedling and propagule cohorts were explained by FFI and moisture
stress (drought); site hydrology, time since last fire (stand self-thinning, competition, and delayed regeneration),
and soil surface substrates (Table 1). We represented moisture stress using site-level cumulative anomalies of
summer climatic moisture deficit in the year of fire, until four years afterward. FFI was the dominant driver of
total seedling and propagule density (83% contribution to model fit), conifer seedling density (63% contribution),
and the proportion of conifer seedlings (60% contribution), whereas seedbeds (exposed mineral soil (%MIN; 36%
contribution) and residual organic matter depth (RO; 29% contribution)) were the most important explanatory
variables in the model of post-fire broadleaf seedling density (Fig. 3; Table 1; Table S5). Time since last fire (TSF)
was significant only in models of post-fire tree recruit stem density when stems were separated into broadleaf
(13% contribution) and conifer groups (5% contribution).

Post-fire moisture stress (MS; climatic moisture deficit anomalies) significantly influenced stem density of
the post-fire tree seedling cohort, but was a substantially less influential driver of post-fire recruitment than FFI
(0.2-13% contribution; Table S5). Often MS was only significant in models as an interaction with FFI or seedbed
variables; however, such interactions were significant, improved model R? and reduced error, and, when consid-
ered separately from the contribution of main effects, were important (Fig. 3; Table S6). Conifer and total stem
density increased with increasing FFI, and this effect interacted with MS. Where FFIs were short and post-fire
MS was high, seedling density was low. This negative effect of MS declined with increasing FFI length (Table 4.1,
Fig. 3). Overall, moisture stress negatively affected post-fire broadleaf stem density; however, MS interacted with
RO depth. On thin residual organic layers MS led to increases in broadleaf seedling density (Fig. 3). The propor-
tion of conifer seedlings in the post-fire cohort increased with increasing FFI (Fig. 3). Increasing availability of
mineral soil substrates (%MIN) also increased the proportion of conifer seedlings in the post-fire cohort, but this
effect was dampened where moisture stress was high, favouring instead increases in the proportion of broadleaf
species (Fig. 3).

Models of seedling density and composition provided some evidence for different post-fire outcomes in
uplands and wetlands. Although thin (i.e., post-fire) residual organic layers were initially positive for conifer
seedling recruitment, stand self-thinning occurred over time in upland environments (¥ RO =2.4 cm), whereas
conifer seedlings continued to establish in wetlands (X RO =8.1 cm) over time (Fig. S1). Although years with low
moisture stress increased broadleaf establishment in sites with deep organic layers (wetlands), higher moisture
stress reduced broadleaf stem density in such environments (Fig. 3). The proportion of conifer stems generally
increased with increasing RO depth (Fig. S1).
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Figure 2. Differences between long and short fire-free interval (FFI) sites. Grey lines connect paired sites with
the same elapsed time since last fire. Significance (p < 0.05) of differences between long (“Long”; blue) and short
(“Short”; yellow) pairs is indicated with an asterisk in the panel header (details of tests in Tables S3, 4, S7).
Post-fire variables are: (a) the logarithm of conifer seedling density in the post-fire cohort, (b) the logarithm

of broadleaf seedling and propagule density in the post-fire cohort, (c) the logarithm of total stem density of
seedlings and propagules in the post-fire cohort, (d) the proportion of conifer stems in the post-fire cohort, (e)
the mean percent cover of exposed mineral soil and rock in understory vegetation abundance plots, and (f) the
mean depth of the residual organic soil layer.

We also observed meaningful differences between short- and long-FFI sites in the post-fire communities
of understory vascular plants and shrubs. Short-FFI sites had less vegetation cover of herbaceous understory
plants (p=0.034), and of forbs specifically (p =0.021; Table S7). We identified small evergreen shrubs, shallow
resprouting species, and seed-banking species as indicator species in long-FFI uplands using multilevel pattern
analysis®. The only significant indicator species identified in short-FFI uplands was downy wildrye (Leymus inno-
vatus (Beal) Pilg.), a grass with deep rhizomes (Table S8). Indicator species in long-FFI wetlands were evergreen
shrubs and species that resprout from shallower rhizomes, whereas indicator species in short-FFI wetlands were
generally fire-tolerant resprouting species* (Table S8).

Alpha diversity (bootstrapped Hill number equivalents, Shannon measures®) was significantly higher by
approximately one effective species in long intervals than in short intervals across all sites, and especially within
uplands (Fig. 4). This is equivalent to an 11% decline in diversity (13% in uplands). Effective beta diversity was
higher in short-FFI wetlands than long-FFI wetlands, and homogeneity was lower in short-FFI wetlands. The
same trends were present across all sites and in uplands, but differences were not significant (overlapping 95%
CI; Fig. S2). Although all pairs of sites shared common species, we often observed unique species in either pair
member (Fig. 4). Some species were unique to either long- or short-FFI sites; however, these were rare individuals
that only occurred in one or two sites.
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Total Seedling & Propagule Stems = 3.26 + (FFI" x 0.74) — R . 0.59 56.92 32.02
(MOIST* x 0.45) -+ 0.38(FFI x MS) + (MS x 0.03) Negative Binomial | 44 | (g 44y | (s8.19) |(30.13) | <0001
Conifer Seedlings = 2.45 + (FFI x 0.99)
— (TSF#* x 0.8) + (%CON'" x 0.73) — Negative Binomial | 41 ?66i3) ?gizgg) f3952613) <0.001
(MS x 0.68) +0.58(TSF x RO™) + 0.38(FFI x MS) — (RO x 0.2) - : -
Broadleaf Seedlings & Propagules =0.98—2.32(%MIN®S x BA*#) 045 6.52 464
— (%MIN x 2.13) — (BA x 1.4) — (TSF x 0.78) — (RO x 0.69) — Poisson 41 (0 48) (7 26) (5 65) <0.001
0.6(RO x MS) — (MS x 0.48) - : :
Proportion Conifer
Stems—0.60+ (FFI x 1.18) + (%MIN x 1.02) + (RO x 0.98) — Binomial B0 s |Goas 0004
0.96(%MIN x MS) — (MS x 0.4) : : :

Table 1. Generalized linear models of tree seedling and propagule density (stems/10 m?), and plot-level tree
species composition. Significant (p <0.05) predictor variables are bolded in equations. Model fits are described
using averages of 10-fold cross-validated (CV) root-mean-square-error (RMSE), mean absolute error (MAE),
and pseudo R? (pR?), derived from 100 repeats. Model degrees of freedom (n=49) are reported in the column
df. Model p-values were derived from x? tests of model deviance explained relative to a null model. "FFI:
Fire-free interval (years). *MOIST: Site moisture (from subxeric to subhydric). MS: Moisture stress (mm), as
represented by site-specific cumulative anomalies of summer climatic moisture deficit (CMD) over 0 - 4 years
post-fire. **TSF: Time since last fire (years) at time of sampling. ""%CON: Proportion of conifer trees in the
pre-fire cohort (%) calculated from basal area (m? ha™!). #RO: Residual organic matter depth (cm). $%MIN:
Proportion of exposed mineral soil and rock (%) at the surface. ***BA: Pre-fire basal area of trees (m? ha™?).
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Figure 3. Marginal effects of fire-free interval (FFI) and moisture stress (MS) on post-fire stem density and
composition of post-fire forests, in models reported in Table 1. Although models were fitted with standardized
predictor variables, plot axes are labelled with observed values and units. (a) Effect of FFI and MS on conifer
seedling density. (b) Effect of residual organic matter depth (RO) and MS on broadleaf stem density. (c) Effect
of FFI on the proportion of conifer stems in the post-fire cohort. (d) Effect of percent exposed mineral soil and
rock (%MIN) and MS on the proportion of conifer stems in the post-fire cohort.
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Figure 4. Differences in understory plant community diversity observed at sites with long and short fire-free
intervals (FFI). (a) Differences in effective alpha diversity (Hill numbers equivalents, Shannon measures) of
understory plant communities and bootstrapped 95% confidence intervals for the mean between long-FFI
(“Long”; blue), short-FFI (“Short”; yellow) sites, derived from 999 iterations. (b) Richness of shared and unique
vascular plant species between paired long (blue) and short (yellow) FFI sites. Species shared by paired plots are
represented in green. The total of unique and shared species across all sites is reported in the legend.

Discussion

Short-interval reburns in northwestern Canadian boreal forests lead to different understory plant communities,
tree species compositions, and stem densities of trees recruited post-fire than those observed at paired sites that
burned in the same recent fire but with a longer FFI. Paired sites experienced the same post-fire climatological
conditions (Table S2) and had the same length of time to recover and revegetate, yet differences between paired
sites were persistent and significant, indicating that they are attributable to the different fire histories of the two
groups. Although FFI was the primary driver of post-fire forest composition and structure, the occurrence of
drought in the years immediately post-fire further reduced forest resilience to short FFIs.

Differences in post-fire ecology as a result of fire history.  The structure and composition of post-fire
tree cohorts are significantly different between short- and long-FFI sites. Short FFIs led to more open forests
with a reduced conifer component due to a reduction in conifer recruitment, similar to trends observed in other
western boreal forests®. Longer FFIs had an overall positive effect on total stem density of trees, conifer seedling
density, and the proportion of conifer stems post-fire. The dominant importance of FFI to post-fire stem densities
of conifer seedlings suggests that the primary mechanism for changes in conifer seedling establishment was a
lack of seed sources due to tree and sapling mortality and combustion of immature or non-serotinous cones. The
pre-fire proportion of conifer stems and pre-fire basal area (proxies for seed sources for both obligate live seeders
and serotinous conifers), and seedbeds were less important than FFI. This variable likely captures interactive
effects of both reduced seed availability and lesser seed viability due to immaturity'*3¢. For the purpose of this
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study, we aggregated serotinous and non-serotinous conifers. These two groups are likely to respond differently
to disturbances, as non-serotinous boreal conifer species require live seed sources. These different responses to
fire may be apparent in the increasing stem density over time after fire observed in wetlands, where black spruce
(Picea mariana (Mill.) Britton, Sterns & Poggenb; a semi-serotinous conifer), as well as white spruce (P. glauca
(Moench) Voss) and tamarack (Larix laricina (Du Roi) K. Koch; both obligate live seeders) were more dominant.
Despite these differences, the lack of all conifer seed sources, either from live trees or released from serotinous
aerial seedbanks, at short-FFI sites would affect recruitment negatively, with a possibility for better regeneration
at reburn edges for both life-history groups®’.

Short-FFI sites had substantially thinner residual organic layers and increased exposed mineral soil. Mineral
soils and thin organic layers within fires are found to promote conifer regeneration®®*’, and yet, despite the higher
availability of such seedbeds in short-interval sites, overall stem density of conifers was lower following short
FFIs. Broadleaf seedling density was more related to seedbeds than FFI, with increasing broadleaf establishment
on thinner residual soils*’. The light weight of broadleaf seeds allows for extensive dispersal capabilities and these
species are not meaningfully limited by seed availability from nearby seed sources*"*2. As FFI directly affects soil
substrate drivers (Table S3), this alternate pathway reinforces the importance of FFI as the primary determinant
of post-fire recruitment. Patterns of density and composition of post-fire forests are established shortly after a
disturbance in the boreal forest*, suggesting that a reduction in the dominance of conifers and more open forest
structure developed following repeated fires will persist into the future.

Research has suggested that broadleaf trees (particularly aspen (Populus tremuloides Michx.)) may replace
conifers where they are threatened by climate change and shortened disturbance intervals, in more southerly
forests*>*4. The proportion of stems contributed by broadleafs at the sampled sites was higher following short
interval reburns, offering support for this conclusion. However, despite their increase in dominance due to the
decrease in conifer establishment, broadleafs did not increase in abundance in short-interval sites, resulting in
a net decline in total stem density. Stem thinning of broadleaves continued as time since fire elapsed (Fig. S1),
leaving both forest structure and composition fundamentally altered by shortened FFIs in northwestern boreal
forests*®*. Projections of future climates in western boreal uplands suggest arid climates and frequent fire
will limit the expansion of broadleaf forests, favouring instead the expansion of grasslands*. Furthermore,
broadleaf-dominated forests resulting from short FFIs in northwestern Canada may be susceptible to extensive
drought-induced mortality of aspen already observed in nearby dry southwestern boreal forests*, raising ques-
tions about how persistent aspen-dominated short-FFI forests may be.

Despite adaptations to lethal wildfire amongst boreal plants, the understory vascular plant communities that
established following short FFIs were effectively less species rich and had a lower abundance of herbaceous vege-
tation. Differences in understory plants appear to be largely the result of soil heating and combustion, as indicator
species of long interval sites were fire-intolerant or tolerant only of lower-intensity fire that allowed seedbanks
and vegetative propagules to persist. In uplands, indicator species at long-FFI sites were forest species, whereas
the only significant indicator of short-FFI uplands was a grass. Altered germination substrates and soils (exposed
mineral soil, reduced organic matter, and soil nitrogen) at short-FFI sites may also have proven inhospitable
to herbaceous species establishing from seed, favouring resprouters and nitrogen-fixing species instead. Such
changes represent a fundamental shift in the forest understory, with an increased presence of deciduous and
resprouting understory species, but an overall decline of herbaceous vegetation cover?’.

Variability in burn severity of both the most recent and prior fire is likely important to the strength and
influence of fire interval effects on post-fire forests. Earlier fires prime forests, partially determining the avail-
ability and type of total biomass, propagule and seed sources, and fuel structure and composition*>*##°, The
sampled short-FFI sites had greater post-fire canopy openness*” and thinner residual organic layers'**. Short-FFI
sites also had reduced coarse woody debris (nurse logs®'), which is important for delayed regeneration of some
non-serotinous boreal conifers®. Despite the dominance of large, high-mortality crown fires in the northwest-
ern boreal forest, surface fires and intermittent crown fires also regularly occur, depending on fire weather and
fuel structure (e.g., sandy jack pine (Pinus banksiana Lamb.) uplands'®*®). The effects of successive low-severity
short-interval fires would be unlikely to lead to changes of the same magnitude and effect we report*.

Upland and wetland resilience. Wetlands burn less severely*>* and subsequently resist post-fire shifts in
tree species dominance*?, indicating that they may be more resilient to disturbance from wildfire than uplands.
Amongst our sites, effects of repeated fires and differences in short and long FFI post-fire tree and understory
ecology were more pronounced in uplands, suggesting that changes resulting from shortened FFIs may occur
more rapidly at well-drained sites. Soil and seedbed substrates in wetland sites (deep residual organic layers)
also promoted conifer dominance, and establishment of conifer trees continued in such sites over time, whereas
sites with thin or no residual organic layer (uplands) underwent thinning of conifer trees over time (Fig. S1).
Continuing post-fire conifer establishment in wetlands may be due in part to lower severity fire providing refu-
gia for obligate live seeder species*’. Despite this evidence for wetland resistance to change relative to uplands,
short-interval reburned wetlands experienced similar reductions in stem density and conifer seedling dominance
to those observed in uplands, leading to a lowered overall conifer biomass. Such changes are consistent with a
reduction in conifer seed availability and viability!>¢,

Potential climate change effects and interactions. The sites sampled for this research have already
experienced a substantial recent increase in mean annual temperature, with an average temperature anomaly
of +1.6°C in 2017°% more than double the observed global average anomaly of +0.7-0.9 °C (Reference period
1981-2010%). In the study area, a simultaneous increase in precipitation mitigated potential increases in mois-
ture stress in recent years (Fig. $3)°°. Increases in precipitation are expected to slow in coming decades and the
proportion of precipitation occurring in the summer to decrease. Increases in temperature are likely to outpace
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increases in precipitation, leading to an increasingly dry climate and more severe fire weather and activity!*2%-758

(Fig. S3), as well as potential for significant regional drought in the western boreal forest®®. Climatic moisture
deficit (precipitation - reference evaporative demand; CMD) anomalies, relative to 30-year normal of CMD,
are highly correlated with annual area burned in the study area (Fig. S4), suggesting that both the primary
stand-initiating disturbance and subsequent post-fire moisture stress are likely to increase concurrently.

The occurrence of a drought reduces the strength of the spread- and ignition-limiting effect that young stands
have on fire occurrence, and contributes to years with widespread fire®%. Increasing drought will not only make
fires more frequent and more severe, overriding stand-age limitations to fire, but will also further alter the for-
ests that regenerate by influencing post-fire recruitment***, as demonstrated in this study. Moisture stress had
an additional negative effect on both conifer and broadleaf seedling density. The influence of drought on coni-
fer seedling density was particularly pronounced in sites that had experienced short-interval reburns (Fig. 3),
indicating that drought further decreases forest resilience to short-interval reburning. Synchronous disturbance
from short-interval fire and subsequent drought may substantially limit conifer seedling recruitment, accelerating
forest change.

Severely burned surfaces and exposed mineral soils are thought to provide the best substrate for seedling
establishment and survival of the dominant boreal tree species®®**’. Greater abundance of mineral soil sur-
faces increased the proportion of conifers in the post-fire cohort in periods of low or zero moisture stress, and
decreased conifer dominance in drought conditions. Severely burned surfaces reduced the density of broadleaf
stems; however, post-fire drought slightly increased their abundance in such areas (Fig. 3). This shift in the effect
of soil burn severity on broadleaf seedling density may be due to reduced competition from conifers, which also
fared poorly under drought conditions, especially where surface burn severity was high. Although thick organic
layers are generally limiting for broadleaf establishment due to fluctuations in temperature and rapid surface
drying*!, the increased moisture availability in wet years appears to have conferred an temporary advantage to
broadleafs establishing on thicker soils. Drought appears to reinforce the dominant fire-interval-driven changes
in forest composition and structure, leading to an increased proportion of broadleaf species in the post-fire cohort
and lower stem density. Long-term monitoring at permanent plots has recorded ongoing biomass declines from
increasing mortality of mature trees due to climate change and increasing moisture stress®®. Our more limited
data suggest that the post-fire establishment density of boreal trees is also likely to decline in response to both fire
frequency and drought. Concurrent with ongoing biomass declines in mature forests, this reduction in the density
of tree recruitment has implications for reduced biomass accumulation over time in young stands.

It is unknown whether the rate or extent of short-interval reburning is increasing in the northwestern boreal
forest, but as the duration, area burned, and frequency of fires increase in the future it is likely that active wild-
fires will continue to breach recently burned young forests despite fuel limitations and vegetation feedbacks®>.
The role of severe drought in both the occurrence of short-interval reburning®’, and the post-fire outcomes for
juvenile trees?**% suggests that climate change will have multiple direct effects on the structure and composi-
tion northwestern boreal forests as repeated wildfires and drought interact, although more research is needed to
understand this relationship. The piecemeal occurrence of short-interval reburns in interaction with drought may
serve to accelerate widespread climate-driven changes in forest openness and composition, that are projected and
ongoing in much of the boreal forest*>"-2,

This research contributes to mounting evidence that repeated and interacting natural disturbance events can
fundamentally alter the structure and composition of boreal forests, despite widespread adaptations to fire. We
also provide some evidence that wetland environments may confer a moderate degree of resilience to fire, when
fire frequency is increased. Interactions with climate, mediated through drought, appear to amplify the effects of
shortened fire intervals that cause species composition shifts and increase forest openness, suggesting that mod-
elled rates of compositional change and regeneration failure driven by fire frequency (e.g.">%?), but not drought,
may be conservative. If the frequency and extent of short-interval reburning in the northwestern boreal forest
increases with future climate change it is likely to accelerate and reinforce climate-driven shifts towards open
forests with a reduced conifer dominance as forests’ adaptive resilience to disturbance is overwhelmed.

Methods

Study area. The northwestern Canadian boreal forest (Fig. 1a) is an expansive forest biome characterized by
short, warm summers, and long cold winters®. Forests of this region are dominated by coniferous tree species,
primarily black spruce (Picea mariana) white spruce (P. glauca), and jack pine (Pinus banksiana). Broadleaf tree
species, largely trembling aspen (Populus tremuloides), often co-occur with conifers®®. Large, stand-replacing
wildfires are the dominant disturbance in this region®®, recurring approximately every 69 (palaeoecological
data*) to 160 years (map data®). The study area has a substantial wetland component, with forested peatlands
covering as much as 50% of the landscape®’.

Data collection. In 2016 we sampled 50 sites (25 pairs) around Great Slave Lake that had burned in the last
21 years, between the years of 1995 and 2015, in the Northwest Territories and Alberta, Canada (Fig. 1; Table S1).
Twenty-five sites had a short recent FFI ranging from four to 17 years (X = 10.6 years). These sites were paired
with 25 sites with longer FFIs ranging from 30 to 112 years (X = 64.0 years; Table S1). Of these 25 pairs, eight were
wetlands and 17 were uplands. Fire intervals in poorly drained boreal forests are typically longer than those
observed in uplands, promoting the persistence of semi-serotinous black spruce (Picea mariana) and reducing
the likelihood of short-interval reburning®. This likely contributed to our difficulty in finding short-interval
wetland sites, which limits the certainty of our results in the wetland group.

Sites were located >100 m from roads. We accessed some sites by helicopter. At each site we sampled live and
dead mature tree (>1.33 m height, diameter at breast height (DBH) > 3 cm) stem density, basal area, and species
composition using the point-centred quarter method® every 5m along a 35-m transect oriented north-south,
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beginning at 0 m. On the west side of the transect at the same eight points we sampled vegetation abundance of
understory species and small shrubs (<0.5m) in 1 x 1 m quadrats, and estimated the percent cover of exposed
organic and inorganic surface substrates. We sampled the density of tall shrubs using a variable-length (17.5-
35-m, depending on shrub density) 2-m wide belt transect on the east side of the transect. Individual shrubs were
defined as identifiable shrub genets or clones, with a height >0.5 m. Percent exposed mineral soil and organic
matter were averaged to produce one percent cover value for each metric, per site. We sampled tree seedling and
sucker (resprouting stems from top-killed individuals) stem density, species, and status (live or dead) on the east
side of the transect using a 2-m wide belt transect with variable lengths depending on height classes with min-
imum transect distance increasing with tree height (<0.1 m - 10-m transect; <0.5m - 20-m transect; <1.33m
- 35-m transect). Where stem density or size classes were highly uneven, we extended the length of the belt tran-
sect for smaller size classes, up to a maximum of 35 m. We measured sapling (trees >1.33 m in height but with a
DBH < 3 cm) density, species, and status for the entire 2 x 35-m transect. At 0, 17.5 and 35 m along the transect
we sampled the depth of the soil organic layer and measured overstory canopy density using a convex spherical
densiometer. We averaged residual organic layer depth measurements for each site. We measured surface fuel and
coarse woody debris biomass loading along the same 35-m transect and over an additional 15 m, resulting in a
50-m long transect®.

At each site we sampled fire-scarred trees from the pre-fire cohort to verify recent FFIs suspected from fire his-
tory maps®, and stand age at the time of the most recent fire. If multiple scarred trees were available, we sectioned
up to four individuals per site. Live trees or trees killed in a known recent (<5-year-old) stand-replacing fires
were preferred; however, if no live scarred trees were available, a section of a nearby live tree of the same species
was used to cross-date dead fire-scarred individuals. We sanded tree sections using a belt sander and a fine-grit
sandpaper, digitally scanned each section, and counted and measured annual rings and dated fire scars on the
scanned images in CooRecorder®.

We used ClimateWNA to downscale PRISM climate data (available at tinyurl.com/ClimateWNA; method-
ology described in**) to site elevations derived from the Canadian Digital Elevation Model®. For each site, we
estimated cumulative post-fire moisture stress by summing annual anomalies in summer (JJA) climatic moisture
deficit (reference evaporative demand - precipitation (mm); CMD) for the year of fire and all summers afterward,
up to a maximum of three years post-fire (4 years total). Where sites had burned fewer than three years in the past
at the time of sampling, we calculated cumulative anomalies using only the year of fire and intervening years (2-3
years total). Anomalies were the difference between the actual summer CMD of each year, and mean summer
CMD for the 1961-1990 normals period (all sampled fires occurred after 1990). To best represent the effect of
moisture stress on tree recruitment we assessed all combinations of cumulative years after fire beginning either
year 0 or year 1, and ending 2, 3, and 4 years post-fire; by which time approximately half of seedling establishment
has likely occurred®’. Possible moisture stress variables were correlated and generally had similar significance and
effects in models; however, we chose 0 to 4 years as this window had the best improvement in some model fits and
was significant in all models.

We pooled all coniferous tree seedlings for analyses. All broadleaf seedlings and suckers were also pooled, to
characterize general trends in species composition. We described the pre-fire species composition using all live
and dead dominant overstory trees measured in the point-centred quarters, as well as any dead saplings (>1.33m
height <3 cm DBH), with the assumption that such individuals were killed in the recent fire. This method allowed
us to estimate pre-fire tree species composition of regenerating cohorts in young stands that experienced short
FFIs and had no or few remaining identifiable mature trees. Although live seedlings <1.33 m in height may have
originated before the fire, it is possible for broadleaf suckers and some jack pine seedlings to grow to this height
within the sampling window (<21 years post-fire); therefore, these individuals were not included in estimates of
the pre-fire cohort.

Statistical analysis. All statistical analyses were conducted in R7°. We identified significant differences
between short and long FFIs using statistical tests for paired data. If the difference in a variable between the
short- and long-FFI pairs was normally distributed, we used a paired t-test. If the differences were non-normally
distributed, we used a nonparametric paired Wilcoxon signed-rank test. Paired statistical tests were conducted for
all sites pooled, and in subgroups of wetlands, and uplands. If tests for all three groups are significant, we report
the significance of the total dataset. If only two tests were significant (the total dataset and a subgroup), we report
only the test with the higher p-value. We adjusted p-values to account for the false discovery rate, due to our use
of multiple statistical tests”".

To characterize drivers and controls of post-fire seedling recruitment we fitted generalized linear models
(GLMs) explaining the density of tree seedlings and propagules, and post-fire proportions of conifer stems as a
function of proposed drivers of post-fire moisture stress, fire history, soil substrates, pre-fire forest structure and
composition, and stand age at the time of sampling. Total seedling and sucker density, conifer seedling density,
and broadleaf seedling and sucker density (stems/m?) were multiplied by 10 and rounded to produce integer
values, approximating stem counts per 10 m? We assessed the form of relationship between the independent and
dependent variables and found no non-linearity. Sites were assessed as individual observations in the GLMs, as
opposed to pairs. Before fitting models, we standardized independent variables. To account for overdispersion
in seedling and propagule count data we used negative binomial and Poisson distributions for these models,
whereas the conifer proportion of the post-fire cohort was represented with a binomial distribution. Models
were fitted using the caret package’?, and model fits were assessed using pseudo R? (the squared Pearson corre-
lation between observed and predicted values from models), mean absolute error (MAE), and root mean square
error (RMSE) from full and 10-fold cross-validated model statistics derived from 100 repeats. Cross validation
was employed to account for the small sample size and to limit possible overfitting due to substantial outliers
in seedling count data. We retained independent variables in models only if they were significant. We excluded
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collinear independent variables (Spearman’s p > 0.7), retaining the correlated variable that was more significant
of the two. Significance and standard errors of independent variables was determined using White’s estimator in
the sandwich package’>”* due to significant heteroscedasticity. Having identified a parsimonious model for each
dependent variable, we iteratively removed each independent variable to examine their relative importance (%
contribution to AAIC).

Finally, to examine the effect of fire intervals on understory vegetation, we characterized understory species
diversity and abundance using bootstrapped Hill numbers equivalents (effective numbers of equally-abundant
species necessary to give the same value of a diversity measure®®) calculated in the vegetarian package with
Shannon measures’>. We identified unique indicator species (single site-groups) of short- and long-interval wet-
lands and uplands using multi-level pattern analysis in the indicspecies package®.

Data availability
Data is available at https://doi.org/10.5281/zenodo.3558302.

Received: 9 April 2019; Accepted: 19 November 2019;
Published online: 11 December 2019

References

1. Brandt, J. P, Flannigan, M. D., Maynard, D. G., Thompson, I. D. & Volney, W. J. A. An introduction to Canada’s boreal zone:
ecosystem processes, health, sustainability, and environmental issues. Environ. Rev. 21, 207-226 (2013).

2. Gauthier, S., Bernier, P., Kuuluvainen, T., Shivdenko, A. Z. & Schepaschenko, D. G. Boreal forest health and global change.
Science 349, 819-822 (2015).

. Johnson, E. A. Fire and vegetation dynamics: studies from the north american boreal forest. (Cambridge University Press, 1992).

4. Larsen, C. P. S. & MacDonald, G. M. An 840-Year Record of Fire and Vegetation in a Boreal White Spruce Forest. Ecology 79,
106-118 (1998).

. Stocks, B. J. et al. Large forest fires in Canada, 1959-1997. J. Geophys. Res. 108, FFR 5-1-FFR 5-12 (2002).

6. Erni, S., Arseneault, D., Parisien, M.-A. & Bégin, Y. Spatial and temporal dimensions of fire activity in the fire-prone eastern
Canadian taiga. Glob. Chang. Biol. 23, 1-15 (2016).

7. Parks, S. A, Parisien, M.-A., Miller, C., Holsinger, L. M. & Baggett, L. S. Fine-scale spatial climate variation and drought mediate the
likelihood of reburning. Ecol. Appl. 28, 573-586 (2018).

8. Héon, J., Arseneault, D. & Parisien, M.-A. Resistance of the boreal forest to high burn rates. Proc. Natl. Acad. Sci. USA 111,
13888-13893 (2014).

9. Thompson, D. K. et al. Fuel accumulation in a high-frequency boreal wildfire regime: from wetland to upland. Can. J. For. Res. 47,
957-964 (2017).

10. Stocks, B. . et al. Boreal forest fire regimes and climate change. in Remote sensing and climate modelling: synergies and limitations
(eds Beniston, M. & Verstraete, M. M.) 233-246 (Kluwer Academic, 2001).

11. Ilisson, T. & Chen, H. Y. H. The direct regeneration hypothesis in northern forests. J. Veg. Sci. 20, 735-744 (2009).

12. Johnstone, J. F. et al. Changing disturbance regimes, ecological memory, and forest resilience. Front. Ecol. Environ. 14, 369-378
(2016).

13. Brown, C. D. & Johnstone, J. F. Once burned, twice shy: Repeat fires reduce seed availability and alter substrate constraints on Picea
mariana regeneration. For. Ecol. Manage. 266, 34-41 (2012).

14. Greene, D. E, Noél, J., Bergeron, Y., Rousseau, M. & Gauthier, S. Recruitment of Picea mariana, Pinus banksiana, and Populus
tremuloides across a burn severity gradient following wildfire in the southern boreal forest of Quebec. Can. J. For. Res. 34, 1845-1857
(2004).

15. Hart, S.J. et al. Examining forest resilience to changing fire frequency in a fire-prone region of boreal forest. Glob. Chang. Biol. 25,
869-884 (2019).

16. Abatzoglou, J. T. & Williams, A. P. The impact of anthropogenic climate change on wildfire across western US forests. Proc. Natl.
Acad. Sci. 113, 11770-11775 (2016).

17. Hanes, C. C., Wang, X., Jain, P, Parisien, M.-A. & Little, . M. Fire regime changes in Canada over the last half century. Can. J. For.
Res. 49, 256-269 (2019).

18. Kelly, R. et al. Recent burning of boreal forests exceeds fire regime limits of the past 10,000 years. Proc. Natl. Acad. Sci. USA 110,
13055-13060 (2013).

19. Flannigan, M. D., Logan, K. A., Amiro, B. D., Skinner, W. R. & Stocks, B. J. Future Area Burned in Canada. Clim. Change 72, 1-16
(2005).

20. Wang, X. et al. Increasing frequency of extreme fire weather in Canada with climate change. Clim. Change 130, 573-586 (2015).

21. Wotton, B. M., Nock, C. A. & Flannigan, M. D. Forest fire occurrence and climate change in Canada. Int. J. Wildl. Fire 19, 253-271
(2010).

22. Harvey, B. J., Donato, D. C. & Turner, M. G. High and dry: Post-fire tree seedling establishment in subalpine forests decreases with
post-fire drought and large stand-replacing burn patches. Glob. Ecol. Biogeogr. 25, 655-669 (2016).

23. Davis, K. T. et al. Wildfires and climate change push low-elevation forests across a critical climate threshold for tree regeneration.
Proc. Natl. Acad. Sci. USA 116, 6193-6198 (2019).

24. Stevens-Rumann, C. S. et al. Evidence for declining forest resilience to wildfires under climate change. Ecol. Lett. 21, 243-252 (2018).

25. Hogg, E. H., Michaelian, M., Hook, T. I. & Undershultz, M. E. Recent climatic drying leads to age-independent growth reductions
of white spruce stands in western Canada. Glob. Chang. Biol. 23, 5297-5308 (2017).

26. Isaac-Renton, M. et al. Northern forest tree populations are physiologically maladapted to drought. Nat. Commun. 9, 5254 (2018).

27. Tarnocai, C., Kettles, I. M. & Lacelle, B. Peatlands of Canada. (2011).

28. Walker, X. J., Mack, M. C. & Johnstone, J. E Predicting Ecosystem Resilience to Fire from Tree Ring Analysis in Black Spruce Forests.
Ecosystems 20, 1137-1150 (2017).

29. Whitman, E., Parisien, M.-A., Thompson, D. K. & Flannigan, M. D. Topoedaphic and forest controls on post-fire vegetation
assemblies are modified by fire history and burn severity in the northwestern Canadian boreal forest. Forests 9, 151 (2018).

30. McLaughlin, B. C. et al. Hydrologic refugia, plants, and climate change. Glob. Chang. Biol. 23, 2941-2961 (2017).

31. Waddington, J. M. et al. Hydrological feedbacks in northern peatlands. Ecohydrology 8, 113-127 (2015).

32. Beckingham, J. D. & Archibald, J. H. Field guide to ecosites of Northern Alberta. (Natural Resources Canada, Canadian Forest Service,
Northern Forestry Centre), (1996).

33. De Caceres, M. & Legendre, P. Associations between species and groups of sites: indices and statistical inference. Ecology 90,
3566-3574 (2009).

34. USDA Forest Service Rocky Mountain Research Station Fire Scienes Laboratory. Fire Effects Information System (FEIS). (2018).
Available at, https://www.feis-crs.org/feis/, (Accessed: 4th December 2018)

w

w

SCIENTIFIC REPORTS |

(2019) 9:18796 | https://doi.org/10.1038/s41598-019-55036-7


https://doi.org/10.1038/s41598-019-55036-7
https://doi.org/10.5281/zenodo.3558302
https://www.feis-crs.org/feis/

www.nature.com/scientificreports/

35.
36.

37.
38.

39.
40.
41.
42.

43.
44.

45.
. Michaelian, M., Hogg, E. H., Hall, R. J. & Arsenault, E. Massive mortality of aspen following severe drought along the southern edge

47.
48.

49.
50.

51.
52.
53.
54.
55.
. Larsen, C. P. S. Spatial and temporal variations in boreal forest fire frequency in northern Alberta. J. Biogeogr. 24, 663-673 (1997).
57.
58.
59.
60.
61.
62.
63.
64.

65.

70.
71.

72.
73.
74.
75.
76.
77.

Hill, M. O. Diversity and Evenness: A Unifying Notation and Its Consequences. Ecology 54, 427-432 (1973).

Johnstone, J. F. & Chapin, E S. III Fire interval effects on successional trajectory in boreal forests of northwest Canada. Ecosystems 9,
268-277 (2006).

Greene, D. E & Johnson, E. A. Tree recruitment from burn edges. Can. J. For. Res. 30, 12641274 (2000).

Charron, I. & Greene, D. E. Post-wildfire seedbeds and tree establishment in the southern mixedwood boreal forest. Can. J. For. Res.
32,1607-1615 (2002).

Kemball, K. J., Wang, G. G. & Westwood, A. R. Are mineral soils exposed by severe wildfire better seedbeds for conifer regeneration?
Can. J. For. Res. 36, 1943-1950 (2006).

LePage, P. T., Canham, C. D., Coates, K. D. & Bartemucci, P. Seed abundance versus substrate limitation of seedling recruitment in
northern temperate forests of British Columbia. Can. J. For. Res. 30, 415-427 (2000).

Johnstone, J. E & Chapin, E. S. III Effects of soil burn severity on post-fire tree recruitment in boreal forest. Ecosystems 9, 14-31
(2006).

Gill, N. S., Sangermano, E,, Buma, B. & Kulakowski, D. Populus tremuloides seedling establishment: An underexplored vector for
forest type conversion after multiple disturbances. For. Ecol. Manage. 404, 156-164 (2017).

Johnstone, J. F. et al. Decadal observations of tree regeneration following fire in boreal forests. Can. J. For. Res. 34, 267-273 (2004).
Kulakowski, D., Matthews, C., Jarvis, D. & Veblen, T. T. Compounded disturbances in sub-alpine forests in western Colorado favour
future dominance by quaking aspen (Populus tremuloides). J. Veg. Sci. 24, 168-176 (2013).

Stralberg, D. et al. Wildfire-mediated vegetation change in boreal forests of Alberta, Canada. Ecosphere 9, €02156 (2018).

of the Canadian boreal forest. Glob. Chang. Biol. 17, 2084-2094 (2011).

Johnstone, J. E. Response of boreal plant communities to variations in previous fire-free interval. Int. J. Wildl. Fire 15, 497-508
(2006).

Stevens-Rumann, C. S. & Morgan, P. Repeated wildfres alter forest recovery of mixed-conifer ecosystems. Ecol. Appl. 26, 1842-1853
(2016).

Whitman, E. et al. Variability and drivers of burn severity in the northwestern Canadian boreal forest. Ecosphere 9, 02128 (2018).
Hoy, E. E., Turetsky, M. R. & Kasischke, E. S. More frequent burning increases vulnerability of Alaskan boreal black spruce forests.
Environ. Res. Lett. 11,095001 (2016).

Donato, D. C., Fontaine, J. B. & Campbell, J. L. Burning the legacy? Influence of wildfire reburn on dead wood dynamics in a
temperate conifer forest. Ecosphere 7, 1-13 (2016).

Peters, V. S., Macdonald, S. E. & Dale, M. R. T. Patterns of initial versus delayed regeneration of white spruce in boreal mixedwood
succession. Can. J. For. Res. 36, 1597-1609 (2006).

Walker, X. J. et al. Soil organic layer combustion in boreal black spruce and jack pine stands of the Northwest Territories, Canada.
Int. J. Wildl. Fire 27, 125-134 (2018).

Hamann, A., Wang, T., Spittlehouse, D. L. & Murdock, T. Q. A comprehensive, high-resolution database of historical and projected
climate surfaces for western North America. Bull. Am. Meteorol. Soc. 94, 1307-1309 (2013).

State of the Climate in 2017. Bull. Am. Meteorol. Soc. 99, Si-S310 (2018).

Flannigan, M. D. et al. Fuel moisture sensitivity to temperature and precipitation: climate change implications. Clim. Change 134,
59-71 (2016).

Wotton, B. M., Flannigan, M. D. & Marshall, G. A. Potential climate change impacts on fire intensity and key wildfire suppression
thresholds in Canada. Environ. Res. Lett. 12, 095003 (2017).

Wang, Y., Hogg, E. H,, Price, D. T., Edwards, J. & Williamson, T. Past and projected future changes in moisture conditions in the
Canadian boreal forest. For. Chron. 90, 678-691 (2014).

Searle, E. B. & Chen, H. Y. H. Climate change-associated trends in biomass dynamics are consistent across soil drainage classes in
western boreal forests of Canada. For. Ecosyst. 4, 1-11 (2017).

Searle, E. B. & Chen, H. Y. H. Persistent and pervasive compositional shifts of western boreal forest plots in Canada. Glob. Chang.
Biol. 23, 857-866 (2017).

Splawinski, T. B., Cyr, D., Gauthier, S., Jetté, J.-P. & Bergeron, Y. Analyzing risk of regeneration failure in the managed boreal forest
of northwestern Quebec. Can. J. For. Res. 49, 680-691 (2019).

Ecological Stratification Working Group (ESWG). A National Ecological Framework for Canada. doi:Cat. No. A42-65/1996E; ISBN
0-662-24107-X (1995).

Le Goft, H. & Sirois, L. Black spruce and jack pine dynamics simulated under varying fire cycles in the northern boreal forest of
Quebec, Canada. Can. J. For. Res. 34, 2399-2409 (2004).

Cottam, G., Curtis, J. T. & Hale, B. W. Some sampling characteristics of a population of randomly dispersed individuals. Ecology 34,
741-757 (1953).

. McRae, D.]., Alexander, M. E. & Stocks, B. ]. Measurement and description of fuels and fire behaviour on prescribed burns: a handbook.

(1979).

. Natural Resources Canada. Canadian National Fire Database - Agency Fire Data. (2018).
. Cybis Elektronik & Data AB. CooRecorder. (2013).
. Natural Resources Canada. Canadian Digital Elevation Model. Available at, http://ftp.geogratis.gc.ca/pub/nrcan_rncan/elevation/

cdem_mnec/, (Accessed: 14th November 2018) (2016).

R Core Team. R: A language and environment for statistical computing. (2018).

Benjamini, Y. & Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J. R.
Stat. Soc. Ser. B57,289-300 (1995).

Khun, M. Caret: Classification and Regression Training. R Package Version 6.0-77. (2017).

Zeileis, A. & Horhorn, T. Diagnostic checking in regression relationships. R News 2, 7-10 (2002).

Zeileis, A. Object-oriented Computation of Sandwich Estimators. J. Stat. Softw. 16, 1-16 (2006).

Charney, N. & Record, S. Vegetarian: Jost Diversity Measures for Community Data. (2012).

Eidenshink, J. et al. A Project for Monitoring Trends in Burn Severity. Fire Ecol. 3, 3-21 (2007).

Brandt, J. P. The extent of the North American boreal zone. Environ. Rev. 17, 101-161 (2009).

Acknowledgements

This research was funded by the Natural Sciences and Engineering Research Council of Canada (Funding
Reference Number: CGSD3-471480-2015) and the government of the Northwest Territories. Environment and
Climate Change Canada, Sam Haché, Parks Canada Agency, and Jean Morin provided in-kind support. We thank
Rodrigo Campos-Ruiz, Matt Coyle, Josh Gauthier, Kathleen Groenewegen, Mary Stephens, Scott L. Stephens,
Xianli Wang, and Thea Whitman for assistance in the field, and Wankui Zhou for assistance with formatting.

SCIENTIFIC REPORTS |

(2019) 9:18796 | https://doi.org/10.1038/s41598-019-55036-7


https://doi.org/10.1038/s41598-019-55036-7
http://ftp.geogratis.gc.ca/pub/nrcan_rncan/elevation/cdem_mnec/
http://ftp.geogratis.gc.ca/pub/nrcan_rncan/elevation/cdem_mnec/

www.nature.com/scientificreports/

Author contributions

E.W. designed the study, collected and analysed the data, and prepared the manuscript. M.D.E,, M.A.P. and D.K.T.
contributed to the development of ideas, questions, and methods, and provided input and contributed to writing
of the manuscript. EEW,, D.K.T. and M.A.P. participated in field data collection.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-55036-7.

Correspondence and requests for materials should be addressed to E.-W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:18796 | https://doi.org/10.1038/s41598-019-55036-7


https://doi.org/10.1038/s41598-019-55036-7
https://doi.org/10.1038/s41598-019-55036-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Short-interval wildfire and drought overwhelm boreal forest resilience

	Results

	Discussion

	Differences in post-fire ecology as a result of fire history. 
	Upland and wetland resilience. 
	Potential climate change effects and interactions. 

	Methods

	Study area. 
	Data collection. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Location and fire history of the study area.
	Figure 2 Differences between long and short fire-free interval (FFI) sites.
	Figure 3 Marginal effects of fire-free interval (FFI) and moisture stress (MS) on post-fire stem density and composition of post-fire forests, in models reported in Table 1.
	Figure 4 Differences in understory plant community diversity observed at sites with long and short fire-free intervals (FFI).
	Table 1 Generalized linear models of tree seedling and propagule density (stems/10 m2), and plot-level tree species composition.




