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Abstract

Wildfires are relatively rare in subarctic tundra ecosystems, but they can strongly change
ecosystem properties. Short-term fire effects on subarctic tundra vegetation are well
documented, but long-term vegetation recovery has been studied less. The frequency of
tundra fires will increase with climate warming. Understanding the long-term effects of fire
is necessary to predict future ecosystem changes.

We used a space-for-time approach to assess vegetation recovery after fire over more than
four decades. We studied soil and vegetation patterns on three large fire scars (>44, 28 and
12 years old) in dry, lichen-dominated forest tundra in Western Siberia. On 60 plots, we
determined soil temperature and permafrost thaw depth, sampled vegetation and measured
plant functional traits. We assessed trends in NDVI to support the field-based results on
vegetation recovery.

Soil temperature, permafrost thaw depth and total vegetation cover had recovered to pre-
fire levels after >44 years, as well as total vegetation cover. In contrast, after >44 years,
functional groups had not recovered to the pre-fire state. Burnt areas had lower lichen and
higher bryophyte and shrub cover. The dominating shrub species, Betula nana, exhibited a
higher vitality (higher specific leaf area and plant height) on burnt compared with control
plots, suggesting a fire legacy effect in shrub growth. Our results confirm patterns of shrub
encroachment after fire that were detected before in other parts of the Arctic and Subarctic.
In the so far poorly studied Western Siberian forest tundra we demonstrate for the first
time, long-term fire-legacies on the functional composition of relatively dry shrub- and

lichen-dominated vegetation.
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1. Introduction

Fire drives ecosystem patterns and processes across biomes and climatic zones {Bowman et
al. 2009). In arctic and subarctic tundra, fires are naturally rare, cool and small compared to
other biomes (Viereck and Schandelmeier 1980, Archibald et al. 2013), but their frequency
and extent is predicted to increase with climate change (Flannigan et al. 2009). This will
affect ecosystem functioning (Hu et al. 2015), and may change the tundra biome from a
carbon sink to a carbon source (Abbott et al. 2016).

Large tundra fires occur during extended warm periods without precipitation when
vegetation and litter are dry (Hu et al. 2015, Masrur et al. 2018). With climate change,
summers are expected to become drier, and the duration of the vegetation period will
increase leading to a higher ignition probability and a larger size and intensity of tundra fires
(Moritz et al. 2012, Young et al. 2016).

Disturbance by fire changes vegetation composition and structure and influences soil
properties of the tundra (Narita et al. 2015, Mekonnen et al. 2019). Vegetation is directly
affected by combustion of living and dead biomass (litter). After severe fires, vegetation
cover is reduced, surface albedo decreases, more solar energy is transferred to the ground
and soil temperatures increase (Rocha and Shaver 2011, French et al. 2016). Aboveground
biomass insulates soil against extreme temperatures and thereby buffers temperature
fluctuations. Consequently, the loss of vegetation can result in higher summer soil
temperatures, causing permafrost thaw and a subsequent increase in permafrost thaw
depth (Chambers et al. 2005, Jiang et al. 2015a, Zhang et al. 2015). Increased soil
temperature and subsequent permafrost thaw depth lead to a higher nitrogen availability to
plants through thawing and enhanced microbial activity (Keuper et al. 2012). Further
nutrients, mainly inorganic nitrogen, are provided by remaining ash after fire (Jiang et al.
2015b).

Regeneration patterns and processes after fire differs between vascular plants and
cryptogams (Bret-Harte et al. 2013). Lichen and moss recovery after fire is very slow,
probably because cryptogam biomass is completely destroyed during fire and burnt areas
need to be recolonized, while shrubs and graminoids, which often benefit from fire, can
regenerate from persistent bud and seed banks (Racine et al. 2004, Jandt et al. 2008,
Turetsky et al. 2012, Narita et al. 2015). A depleted lichen cover after fire is often regarded
as a problem for reindeer grazing, as animals do not find enough food during winter if
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extended areas of their forage range burnt (Viereck and Schandelmeier 1980). A general
decline in lichens represents a threat for indigenous people who depend on reindeer herds
(Sandstrom et al. 2016). Fire amplifies the shrub expansion that has been observed in many
regions across the tundra, and has been attributed to global warming (e.g. Arefiev 2016,
McLaren et al. 2017). Shrub encroachment leads to increased shading of the soil surface in
summer and protects permafrost from thawing (Myers-Smith et al. 2011), but can also
reduce permafrost depth, because shrubs retain more snow during winter, which insulates
the soil against frost (Myers-Smith and Hik 2013). Thicker snow layers result in a higher
amount of meltwater in summer that increases thermal conductivity, leads to soil warming
in deeper layers and ultimately thawing permafrost (Johansson et al. 2013). Moreover,
shrubs have a low albedo, warm up in the sun above the snow layer and thus accelerate
snow melt in spring (Loranty et al. 2018).

While it is known that fire promotes the growth of shrubs and graminoids, we know less
about the mechanisms behind this pattern of enhanced growth and how these change over
time. Plant functional traits are established ecosystem properties that link plant physiology
and environmental processes and therefore provide valuable information about post-fire
succession {Keeley et al. 2011, Cornelissen and Makoto 2014). Tundra fires alter surface
energy dynamics and nutrient availability through changes in vegetation and soil properties
(Keuper et al. 2012, Loranty et al. 2018), and some functional traits capture these chances,
especially plant height, specific leaf area and decreases leaf dry matter content (Hobbie et al.
2002, Bjorkman et al. 2018). Shifts in plant functional traits along post-fire successional
gradients will provide insight how the post-fire environment changes affect plants.

Most of our knowledge on the effect of fire on tundra ecosystems comes from Alaska
(Racine et al. 1987, e.g. Barrett et al. 2012, Bret-Harte et al. 2013). However, Alaska
comprises less than 10% of global Arctic vegetation (Walker et al. 2005). Considerably less is
known about other parts of the world, particularly about the vast areas of the Siberian
tundra (Frost and Epstein 2014, Loranty et al. 2014, e.g. Abdulmanova and Ektova 2015).
Although the tundra ecosystems in Alaska and Russia are floristically similar (Walker et al.
2005), their ecological history significantly differs. In contrast to Alaska, where herds of wild
caribous can be found, the north of Western Siberia has been influenced by reindeer
pastoralism for centuries (Forbes and Kumpula 2009), which has a strong impact (e.g.

defoliation, nutrient availability) on tundra vegetation (Sundqvist et al. 2019). Moreover,
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most fire studies in Alaska were conducted in relatively humid climatic and edaphic
conditions with predominantly moist tussock graminoid-dominated tundra (Racine et al.
1987, Mack et al. 2011, Narita et al. 2015). Considerably less is known about post-fire
recovery over time of dry, lichen-dominated tundra vegetation, common in Siberia, and the
effects of those shifts on ecosystem properties. As lichens and tussock graminoids respond
in different ways to fire, it is likely that the two vegetation types will differ in post-fire
succession (Jandt et al. 2008). Understanding the post-fire recovery of Siberian dry forest
tundra is essential for a comprehensive assessment of fire effect and post-fire regeneration
of global arctic ecosystems.
Here we present the first comprehensive study on long-term effects of fires on dry forest
tundra vegetation at the northern edge of forest tundra ecozone of Western Siberia. Using a
space-for-time approach, to extrapolate the temporal trend of recovery after fire from fire
scars of different age while assuming spatial and temporal variation to be similar, we studied
post-fire vegetation succession and soil characteristics on three large fire scars (>44, 28 and
12 years old). The goal of our study was to assess long-term effects of tundra fire on
vegetation and in detail we anticipated that:

1. On burned plots, the cover and height of vascular plants was higher compared to

unburned plots while the cover and height of lichens and bryophytes was lower.
2. Fire-related changes in vegetation structure affected soil temperature and the depth
of the permafrost thaw.
3. Fire-related changes in soil temperature led to higher values in growth-related plant

functional traits in vascular plants.

2. Material and Methods

2.1. Study area

Our study area is situated on the northern border of the forest tundra ecozone in Western
Siberia within the Yamalo-Nenets Autonomous Okrug between the rivers Pur and Taz, north
of the Arctic Circle (centre of the study area at 67° 1'19.59"N, 79° 1'53.53"E, total study area
size ca. 70 km?, see Fig. 1).

The region has a subarctic climate with a mean annual air temperature of -8.1 °C, a mean
January air temperature of -26.2 °C and a mean July air temperature of 14.4 °C (Kazakov
2019). Annual precipitation amounts to 482 mm with a maximum in August. The growing
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season lasts from mid-June to early September (Kazakov 2019). The study area is located in
the ecotonal transition between the forest tundra to the south and the open treeless shrub
tundra to the north (Yurkovskaya 2011). Vegetation is dominated by reindeer lichens (mostly
Cladonia stellaris and Cladonia rangiferina) that cover in thick layers around ca. 70% of the
soil surface, shrubs such as Betula nana (ca. 25% cover), and dwarf shrubs such as Vaccinium
uliginosum (ca. 10 % cover) (Suppl. Al). Herbs and graminoids as well as bryophytes are far
less abundant. The largely open landscape is sparsely dotted with larch trees (Larix sibirica),

the only tree species occurring in our study area.

Fire scar
B 2005
11990

B <1974

0 10 20 30km
I

Fig. 1: Study area with three fire scars in the north of Western Siberia. Satellite image source:

Copernicus Sentinel-2 data (2019).

With the exception of depressions and small streams, the study region is well-drained in
comparison with other tundra areas e.g. relatively moist tundra types in Alaska. Soils are
Cryosols (IUSS Working Group WRB 2015) that developed in silty, loess-like parent material.
Soil organic layer thickness was generally low (mean of 4 cm), on all burnt and unburnt sites.
Mean topsoil pH {0-5 cm depth) had a mean of 4.3 and mean topsoil concentrations of

Carbon and Nitrogen were 0.82 % and 0.06 %, respectively. Fires in the region are mainly
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caused by lightning (Kornienko 2018), but with a recent increase in transport and settlement
infrastructure in the area (due to oil and gas exploitation) the number of human-induced
fires has increased (Vilchek and Bykova 1992, Mollicone et al. 2006, Yu et al. 2015).
From 1985-2017, 10.5% of the forest tundra of Western Siberia was affected by fires, most
of them occurring in the vegetation type of dwarf shrub-, lichen- and moss-dominated forest
tundra with larch trees (Moskovchenko et al. 2020). Frequency and intensity of fires,
occurring in this region are varying strongly as well as the area burnt, dependent on weather
conditions (Moskovchenko et al. 2020). Summer temperatures and precipitation are linked
to the burnt area and thus most fires occur, when flammable material is dry (Moskovchenko
et al. 2020).

2.2. Field sampling
We compared vegetation and soil parameters at three large, non-overlapping burnt areas
(fire scars) and adjacent unburnt control sites. All three sites were located close to each
other (< 10 km distance between scars) in an area with homogenous environmental
conditions in terms of parent rock and topography.
Fire scars were detected by comparing annual Landsat images in Google Earth Timelapse
visually (Gorelick et al. 2017) back to the year 1985, and by visually inspecting older Landsat
images back to 1973 that were downloaded via USGS earth explorer (U.S. Geological Survey
2018). The RGB band combination was set to 7,5,4, to make the spectral appearance
comparable to the images displayed in the timelapse tool. Pale areas were considered
unburnt as they had a high lichen cover in the year before the fire. Areas that switched from
pale to dark were identified as fire scars. They were readily distinguished from other
features with similar spectral properties by their irregular shape, and the location of their
borders that generally followed meandering brooks. The youngest fire scar (542 ha) burnt in
2005, a medium-aged scar (ca. 12,500 ha) burnt in 1990, and an old scar (3,500 ha) was
already present on the first satellite image we used (Landsat 1) from 1973. In the field, the
burn status of selected plots was checked again using signs of burnt trees and charcoal on
the ground.
The fire severity at the youngest and the medium-aged fire scar did not differ significantly
(see Suppl. A2). A common tool to estimate fire severity is the Normalized Burn Ratio Index
(NBR), which is calculated by using near-infrared and shortwave-infrared wavelength (Key

and Benson 2006). A large difference between pre- and postfire Normalized Burn Ratio Index
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(dNBR) indicates high fire severity. The mean dNBR for all burnt plots of the youngest fire
scar was moderate to high with dNBR = 0.56 (dNBRange = 0.36-0.68). Similar results were
found for the medium-aged fire scar with dNBR = 0.60 (dNBRrange = 0.37-0.71) (Key and
Benson 2006). We could not evaluate fire severity for the older fire scar because of the lack
of pre-fire satellite images.

Fieldwork took place in July 2017 (at the areas burnt before 1973 and in 2005) and July 2018
(at the area burnt in 1990). Time since fire was therefore 12, 28 and at least 44 years for the
three scars. As the tundra ecosystem is rather stable with low inter-annual variability in
environmental conditions (Dahl 1975), sampling in two subsequent years is unlikely to bias
the results, especially as the climatic conditions in the two years were rather similar. Mean
temperature in the years 2016, 2017 and 2018 were -4.8, -5.6 °C and -6.7°C, respectively.
Warmest month was July in both years with a mean of 18.8 °C in 2018, 15.8° C in 2017 and
14.1 °C in 2018. Coldest month was December 2016 (-29.7 °C), January 2017 (-25.7 °C) and
February 2018 (-23.2 °C). Maximum snow height was 81 cm in 2016, 91 cm in 2017 and 107
cm in 2018. In 2016 there was snow on 219 days and in both subsequent years, there was
snow on 237 days (Kazakov 2019).

On each of the three fire scars, we selected 10 sampling locations along the fire border,
which were located at least 300 m from each other to cover local environmental variation.
At each location, we recorded vegetation and environmental parameters at one burnt and
one unburnt plot of 10 x 10 m, resulting in a total of 60 plots. The plots of each pair were
placed as close to each other as possible, but at least 100 m apart. Minimum plot distance
from the fire scar border was always 50 m to avoid edge effects.

On each plot, we visually estimated total vegetation cover, bare soil and the cover and
height of different functional plant groups (lichens, bryophytes, herbs, graminoids, dwarf
shrubs, shrubs) (Suppl. A3). Vegetation cover was visually estimated in % on 1m x 1m plots
and extrapolated to the 10m x 10m plots. For the most abundant dwarf shrub and shrub
species, Vaccinium uliginosum L. and Betula nana L., we measured six functional plant traits
that are related to plant growth (Hudson et al. 2011, Perez-Harguindeguy et al. 2016,
Bjorkman et al. 2018): Mean aboveground cover for plant individuals (calculated as: (longest
diameter + diameter orthogonal to longest diameter) / 2), plant height, blade length, leaf
thickness, specific leaf area (SLA) and leaf dry matter content (LDMC). The traits were

measured on one mature, healthy individual per species and plot. Apart from dry weights for
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SLA and LDMC, all measures were taken in the field. To obtain leaf area for the SLA, we
placed at least four leaves per plant on an illuminated plate equipped with calibration scale
and took photographs in the field. The leaves were dried, stored and weighted in the
laboratory. Leaf thickness was measured using a digital thickness gauge.
On all plots, we measured soil temperature 12 cm below the soil surface and permafrost
thaw depth using a thermometer and a metal stick. Both measurements were repeated five
times per plot (in each of the four corners and the centre) and the mean was calculated.

2.3. NDVI change analysis
To complement the field analysis, an NDVI value characterizing each sample plot was derived
from Landsat images for all burnt and unburnt plots of the 1990 fire scar (as this was the
oldest scar for which satellite images before the fire event were available). NDVI was
calculated for each vegetation sampling plot inside and outside the burnt area of 1990
(choosing the pixel, which included the plot coordinates). We derived NDVI data from 16
different scenes of Landsat 5, 7 and 8 (spatial resolution of 30 m per pixel) from mid-July
1990 (before the fire event) to 2017. The Landsat scenes were downloaded via the USGS
earth explorer (U.S. Geological Survey 2018). Due to the short growing season in the study
region, we included only images of July and August in our analysis. We processed satellite
images performing atmospheric correction and reduced the differences between satellite
systems using the FLAASH module in ENVI 4.8 (ITTVIS) and combined channels (3, 2 and 1 for
Landsat 5 and 7 and 4, 3 and 2 for Landsat 8). We calculated the vegetation index in ENVI 4.8
(ITTVIS) according to the formula: NDVI = (NIR — RED) / (NIR + RED), where NIR is the
reflection in the near infrared region of the spectrum (0.7-1.0 um), and RED the reflection in
the red region of the spectrum (0.6-0.7 microns).

2.4. Statistical analysis
To test the anticipation 1 (on burned plots, the cover and height of vascular plants was
higher compared to unburned plots while the cover and height of lichens and bryophytes
was lower) we subtracted the cover and height values of the control plots from those of the
paired plots within the burnt area to obtain a difference. We then modelled the difference in
vegetation cover and height between fire and control plots as a function of the vegetation
recovery time (years since fire event) using linear mixed-effects models in a Bayesian
framework in R, Version 3.5.3 (R Core Team 2019). Difference in cover and height were the

response variables. Functional vegetation group and years since fire, and their interactions
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were fitted as fixed effects. Plot ID was included as a random effect to account for the
repeated sampling of vegetation groups on each plot. We used the R-package Ime4 (Bates et
al. 2015). In the model with cover as dependent variable, the variance of the random factor
was 0. Therefore, we excluded the random factor “plot ID”.

In order to obtain the posterior distribution, we used improper priors and simulated 2000
values from the joint posterior distributions of the model parameters using the sim function
from the R-packages arm (Gelman and Su 2007) and bimeco (Korner-Nievergelt et al. 2015).
The posterior distribution is a probability distribution that summarises updated beliefs about
the parameter after observing the data and is thus a combination of the prior distribution
and the likelihood function. We present the mean values and the 95% credible interval (Crl)
of the simulated posterior distribution. The 95% Crl represents the range within the true
value is expected with a probability of 0.95 and is limited by the 2.5% and the 97.5% quantile
of the posterior distribution. We calculated the posterior probabilities for anticipation 1 by
using the proportion of simulated values of the posterior distribution being > 0. A posterior
probability of 1 means that all fitted values are larger than 0. Regarding our anticipation this
would mean that the burnt plots have a significantly higher cover than unburnt plots. A
posterior probability of 0 means the opposite: all fitted values are smaller than 0. A posterior
probability of 0.5 indicates that means of the distributions of fitted values are identical to 0
and burnt and unburnt plots do not differ.

For testing anticipation 2 (fire-related changes in vegetation structure affected soil
temperature and the depth of the permafrost thaw) we subtracted the soil temperature and
permafrost thaw depth values of the control plots from those of the paired plots within the
burnt area. We then fitted linear mixed-effects models with difference in soil temperature
and difference in permafrost thaw depth as response variables and years since fire event as
an independent variable. Plot was fitted as random effect. We calculated the posterior
probabilities of anticipation 2 as described above in the analysis for anticipation 1.

We furthermore subtracted total cover and bare soil values of the control plots from those
of the paired plots within the burnt area and fitted again linear mixed-effects models with
difference in soil temperature and difference in permafrost thaw depth as response
variables and years since fire event as an independent variable. Plot was fitted as random
effect, but excluded from the final model, as it explained no variance. We calculated the

posterior probabilities as described above.

11


https://doi.org/10.1101/756163
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/756163; this version posted September 11, 2020. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

Anticipation 3 (fire-related changes in soil temperature led to higher values in growth-
related plant functional traits in vascular plants) was tested by modelling the differences in
six different plant traits between the burnt and control plot as a function of time since fire,
for V. uliginosum and B. nana. We used linear mixed-effects models with difference in trait
value (traits: mean aboveground cover, plant height, blade length, leaf thickness, SLA, LDMC)
as dependent variable, species, years since fire event and their interaction as fixed effects,
and plot as random effect. The posterior probabilities were calculated as described before.
For testing if the found differences between burnt and unburnt plots decreased during
recovery, we repeated the analysis that was used to test anticipation 1 and 3 but with the
years since fire as a continuous covariate. We calculated the posterior probabilities of the
model used to test anticipation 4 by using the proportion of simulated values of the
posterior distribution for the slopes being > 0. We could not date the oldest fire event
exactly as no satellite images from the years prior to 1973 were available. We therefore
performed a sensitivity analysis. We re-run the model to test anticipation 4 (Scenariol)
assuming that the oldest fire scar burnt 100 years ago (instead of 44 years as in the models
above) (Scenario2) and compared the results.

As complementation to the field data, we modelled the NDVI difference between burnt and
reference plot as a function of time since fire using a linear model (LM) with a quadratic
term. The posterior probabilities were calculated as described before.

Model assumptions for all described analyses were graphically assessed with Tukey-
Anscombe- and QQ-plots. Figures were created using packages ggplot2 (Wickham 2009) and
cowplot (Wilke 2019). Goodness of fit was determined with R* using the MuMIn-package
(Barton 2019).

3. Results

3.1. Influence of fire on soil temperature and permafrost thaw depth
Fire strongly influenced soil temperature and permafrost thaw depth. Twelve and 28 years
after the event, burnt plots showed a higher soil temperature and a deeper permafrost thaw
than control plots (Fig. 2, Table 1, Suppl. A4). Four decades after fire, the differences were
no longer apparent, indicating that soil temperatures and permafrost thaw depth returned

to levels of unburnt plots.
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Fig. 2: Difference in (A) soil temperature (12 cm depth) and (B) permafrost thaw depth 12, 28
and >44 years after fire. Difference = value on burnt plot minus value on control plot.
Coloured dots are differences calculated from the raw data, black dots are predicted mean
values and lines 95% credible intervals (Crls). Crls not overlapping zero imply a consistent

difference between burnt and control plots.

Table 1: Mean values of change in soil temperature (12 cm depth) and permafrost thaw
depth, estimated by linear mixed-effects models including years since fire and mean values
of change in total cover and bare soil, estimated by a linear mixed-effects model, including
years since fire and the different groups. Means, 2.5%, 97.5% quantiles of the posterior
distributions are given. Effects of change are shown in bold, if there is a high probability of

the estimate to be different from 0 (P(estimate>0)>0.95, P(estimate>0)<0.05).

Variable Years since fire Mean 2.50% 97.50% P(estimate>0)
Soil temperature 12 6.29 4.61 8.19 1.00
R*=0.53 28 6.29 4.48 8.02 1.00
>44 0.24 -1.52 1.97 0.62
Active layer depth 12 -33.02 -44.53 -20.66 0.00
R’=0.55 28 -32.20 -43.61 -20.58 0.00
>44 -6.62 -5.18 17.74 0.88
Total cover 12 -27.40 -32.41 -22.48 0.00
28 -14.65 -19.58 -9.87 0.00
R’=0.71 >44 -2.80 -7.98 -2.04 0.13
Bare soil 12 6.28 1.15 11.30 0.99
28 5.32 0.40 10.15 0.98

>44 0.89 -4.01 5.66 0.63
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3.2. Influence of fire on vegetation cover and height
Bryophyte and lichen cover differed between burnt and unburnt plots and the differences
persisted for at least 44 years. On burnt plots, bryophyte cover was 483% higher and lichen
cover was 55% lower than on the control plots, more than 44 years after fire (Fig. 3A, Table

2, Suppl. Ad).

Table 2: Mean values of relative cover and height change after fire, estimated by a linear
mixed-effects model, including years since fire and functional groups. Means, 2.5%, 97.5%
quantiles of the posterior distributions are given. Effects of change are shown in bold, if
there is a high probability of the estimate to be different from O (P(estimate>0)>0.95 or
P{estimate>0)<0.05). For the linear mixed-effects model mariginal (marg) and conditional

(cond) R? are stated.

Cover Height
Group Years since fire R’ =0.80 R’ marg = 0.19, R%cong = 0.23
Mean 2.50% 97.50% P Mean 2.50% 97.50% P
lichens 12 -42.21 -49.85 -34.76 000 -7.85 -14.44 -0.91 0.01
28 -74.35 -8243 -66.66 0.00 -8.00 -14.69 -1.47 0.01
>44 -42.00 -49.76 -34.34 0.00 -3.45 -10.06 3.53 0.17
bryophytes 12 8.30 031 1610 098 -040 -7.50 6.47  0.45
28 10.87 3.03 18.76 1.00 -065 -7.95 6.74 0.45
>44 11.93 3.75 19.35 1.00 0.70 -6.05 7.44 0.58
graminoids 12 6.15 -1.86 14.08 095 -6.50 -12.94 0.38 0.03
28 2.66 -5.45 10.48 0.73 -5.50 -12.33 1.56 0.06
>44 0.27 -7.11 8.10 0.51 -4.00 -10.27 3.00 0.13
herbs 12 3.83 -3.89 12.01 0.82 0.10 -6.66 6.78 0.51
28 2.57 -5.37 10.28 0.75 217 -4.90 9.04 0.74
>44 0.78 -6.81 8.64 0.58 -5.00 -11.73 1.39 0.08
dwarf shrubs 12 1.40 -6.35 9.63 0.62 -2.30 -9.12 4.14 0.24
28 9.70 2.28 17.90 099 -340 -10.29 3.33 0.15
>44 9.30 1.10 16.71 0.99 0.00 -7.09 7.09 0.49
shrubs 12 -5.00 -12.87 2.98 0.11 1.50 -5.47 8.67 0.67
28 15.30 7.67 22.97 1.00 9.60 2.72 16.11 1.00
>44 21.30 13.68 28.84 1.00 11.00 4.45 17.96 1.00

Cover of graminoids was high 12 years after fire but recovered to normal levels within 28
years. Cover of shrubs and dwarf shrubs first did not differ between burnt and unburnt plots,
but with increasing time since fire, it increased on the burnt plots. Total cover was lower for
28 years after fire but recovered to control levels after > 44 years. Related to this trajectory
decreased bare soil patches after >44 years to normal levels (Fig. 3B, Table 2, Suppl. A4).
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Vegetation height was also influenced by fire and the direction of the change was similar as
in the vegetation cover (Fig. 3C, Table 2, Suppl. A4): shrubs were taller on sites that burnt 28
and >44 years ago. The height of the lichen carpet was first lower on burnt compared to

unburnt plots, but the difference was no longer evident four decades after fire.
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Fig. 3: Differences in cover (A) and height (C) for plant functional groups, and differences in
total cover and bare soil (B) 12, 28 and >44 years since fire. Difference = value on burnt plot
minus value on control plot. Coloured dots are differences calculated from the raw data,
black dots are predicted mean values and lines 95% credible intervals Crls. Crls not

overlapping zero imply a consistent difference between burnt and control plots.
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3.3. Influence of fire on plant traits
Trait values of the dwarf shrub species Vaccinium uliginosum did not differ between burnt
and unburnt plots. On the other hand, fire had strong and long-lasting impact on traits of the
shrub Betula nana, in which the mean aboveground cover, height, and SLA were higher on

burnt plots (Fig. 4A, B, C and E, respectively, Table 3, Suppl. A5).
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Fig. 4: Difference in functional plant trait values of the shrub species B. nana and the dwarf
shrub V. uliginosum, 12, 28 and >44 years after fire. Difference in functional plant trait =
plant trait value on burnt plot minus plant trait on control plot. Coloured dots are
differences calculated from the raw data, black dots are predicted mean values and lines
95% credible intervals Crls. Crls not overlapping zero imply a consistent difference between

burnt and control plots.

Table 3: Mean values of change in traits after fire, estimated by linear mixed-effects models,
including years since fire and the two different species. Means, 2.5%, 97.5% quantiles of the
posterior distributions are given. Effects of change are shown in bold, if there is a high
probability of the estimate to be different from 0 {P(estimate>0)>0.95). For linear mixed-

effects models mariginal (marg) and conditional (cond) R? are stated.

Trait Species Years since fire Mean 2.50%  97.50% Plestimate>0)
12 876 -11.76 29.07 081
Mean aboveground V. uliginosum 28 23.82 4.89 42.77 0.99
cover >44 11.95 -7.85 3099  0.89
Rzmarg= 0.11, 12 13.84 -589 3347 091
R’cona = 0.28 B. nana 28 2034 1.91 39.39  0.99
>44 3850 1937 5818  1.00
1 055 -11.08 986 0.8
V. uliginosum 28 010 -1046 11.01  0.50
'F'{'zeight o1 ~44 410 -1505 6.90 0.23
Rzz*’nsz 024 12 510 -562 1635 0.84
B. nana 28 232 843 1268 061
>44 17.20 6.68 2811  1.00
12 004 -030 023  0.39
V. uliginosum 28 018 -008 045 090
Blade length >44 022 -004 050 094
R>=0.04 1 011 -017 038  0.79
B. nana 28 010 -017 037  0.78
>44 022 -007 048 094
12 002 -002 005 082
V. uliginosum 28 -0.01 -0.05 0.03 0.29
FLﬁaf th“;kggss >44 002 006 002  0.12
Rz:ﬂ’:z 0.00 12 002 -002 006 084
B. nana 28 002 -002 005 084
>44 001 -004 003  0.39
12 2.82 2163 2699 0.60
;'5/_*0 - V. uliginosum o 229 2135 2444 060
: >44 055 -22.75 21.89  0.49
B. nana 12 683 -29.08 16.98 0.8
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28 305 2515 3026  0.59

>a4 2363 085 4540 0.99

12 326 9668 85.05 0.47

V. uliginosum 28 -23.09 -106.37 61.21 0.30

;?MC_ 008 >44 7354 -12.77 16053 0.95
R 052 i 12 4361 -5007 139.63 0.83
' 28 40.18 -6168 139.16 0.79

>44 -39.83 -127.13 4723  0.18

3.4. Vegetation recovery with time since fire
The difference in shrub cover and height between burnt and unburnt plots increased with
increasing time since fire. The difference in some functional traits, specifically, aboveground
cover and SLA in Betula nana, also increased with time. The results were robust regarding
uncertainty in the time of the oldest fire, as model results for both scenarios, 44 and 100
years since the last fire, suggested a steep increase of shrub cover and height (Table 4, Table

5).

Table 4: Mean slopes of the posterior distribution of relative cover change after fire in regard
to time, estimated by linear mixed-effects models for different functional groups. Scenario 1
includes the continuous variable time with raw data related to 12, 28 and 44 years since fire.
Scenario 2 includes raw data related to 12, 28 and 100 years since fire. Values are in bold if
relative cover change increases strongly with years since fire (P(slope>0)>0.95). For linear

mixed-effects models mariginal (marg) and conditional (cond) R” are stated.

Cover Height

Scenario 1 Scenario 2 Scenario 1 Scenario 2
Group R marg = 0.19, R’ marg = 0.18, R’ marg = 0.19, R marg = 0.18,

R%ona=0.22 R%cona=0.22 R%cona=0.22 R%ona=0.22

Mean P Mean P Mean P Mean P
Lichens 0.01 0.50 0.14 0.98 0.14 0.81 0.05 0.85
Bryophytes 0.11 0.73 0.03 0.68 0.02 0.59 0.01 0.60
Graminoids -0.18 0.16 -0.06 0.19 0.07 0.68 0.02 0.69
Herbs -0.10 0.30 -0.03 0.31 -0.16 0.14 -0.07 0.09
Dwarf shrubs 0.25 0.89 0.06 0.80 0.07 0.69 0.029 0.75
Shrubs 0.82 1 0.23 1 0.29 0.98 0.22 0.94

Table 5: Mean slopes of change within traits of the dwarf shrub species V. uliginosum and
the shrub species B. nana after fire in regard to time, estimated by linear mixed-effects

model for different groups. Scenario 1 includes the continuous variable time with raw data
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related to 12, 28 and 44 years since fire. Scenario 2 includes raw data related to 12, 28 and

100 years since fire. Values are in bold if relative cover change increases strongly

(P(slope>0)>0.95). For linear mixed-effects models mariginal (marg) and conditional (cond)

R? are stated.

Scenario 1 Scenario 2
Trait Species R2 Mean R?
> >
Mean Slope  P(f8>0) Slope P(R>0)
Mean cover V. uliginosum 0.09 0.58 marg=0.05 -0.03 0.42 marg=0.06
B. nana 0.80 0.97 cond=0-24 0.28 0.98 cond=0-24
Height V. uliginosum -0.08 0.36 marg=0.12 -0.04 0.31 marg=0.14
B. nana 0.38 0.92 cond=0-39 0.16 0.97 cond=0-4’?>
V. uliginosum  6.81*10°  0.88 1.83*10°  0.80
Blade length 3 =0.03 3 =0.03
B. nana 3.76*10 0.73 1.84*10 0.80
Leaf V. uliginosum  -1.13*10°  0.09 007 -327*10* 0.13 marg=0.06
thickness B. nana -8.13*10"  0.16 ' -2.49%10"  0.19 cond=0.08
SLA V. uliginosum -0.12 0.44 marg=0.06 -0.04 0.42 0,07
B. nana 0.96 0.98 cond=0.45 0.33 0.97
LDMC V. uliginosum 2.51 0.89 marg=0.06 1.04 0.94 marg=0.08
B. nana -2.66 0.10 cond=0-45 0.98 0.07 cond=0-51

These findings based on the space-for-time substitution approach, were further in

agreement with the NDVI trend at the fire scar from 1990. Directly after the fire in August

1990, the NDVI was 40% lower on burnt than on unburnt plots but recovered rather quickly

with time (Fig. 5, Suppl. A6). The mean estimate of the posterior distribution was -0.15, slope

5.97*107° and the quadratic term 3.24*10° (R®=0.71). After 8 years, NDVI reached the level

of unburnt plots and showed a continuous increase thereafter. NDVI values on burnt plots

were 26% higher in comparison to unburnt plots, 27 years after fire.
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Fig. 5: Difference in NDVI (NDVI on burnt plot minus NDVI on control plot) with time. Dots
are differences calculated from the raw data of the area which burnt in 1990 and control
plots. Black dots indicate values before fire and grey dots after fire. A linear model (LM)
(fitted to the data collected after the fire event) is shown as black line and 95% Crls in grey.

The Red line shows the time of the fire event.

4. Discussion

In contrast to soil temperature and permafrost thaw depth, vegetation did not recover to
the pre-fire state after >44 years. Burnt areas had lower lichen and higher bryophyte and
shrub cover, and the dominating shrub species, Betula nana, showed higher vitality.

4.1. Long-term fire effects on soil temperature and permafrost thaw depth

Fire had strong effects on soil temperature and permafrost thaw depth that persisted for at
least three decades. So far, it was rather unclear how rapidly properties of tundra soils
return to pre-fire states as previous studies covered relatively short periods of 4-25 years
(Mackay 1995, Vavrek et al. 1999, Racine et al. 2004, Rocha and Shaver 2011, Narita et al.
2015). For tussock-shrub tundra, thaw depth was described to reach pre-fire levels after 6
years (Racine et al. 2004). However, the authors of this study described difficulties in
detecting changes in the permafrost thaw depth after fire, due to the lack of a control site,
and values for the unburnt depths were predicted by a model. Although slight decreases of
thaw depth on burnt sites within 3 years after fire were reported (Rocha and Shaver 2011), a

literature review showed that permafrost thaw depth was generally deeper in burnt areas in
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comparison to unburnt areas until 24 years after fire in tundra ecosystems (Rocha et al.
2012). Here we show that the recovery process in dry forest tundra ecosystems can take
decades. Even after 28 years, burnt plots had higher soil temperature and soil permafrost
thaw depth. The recovery of soil temperature and permafrost thaw depth is probably
connected with the recovery of total vegetation cover. Shortly after fire, there is less
vegetation and litter that would insulate the soil from heat. The soil surface is furthermore
heated by the sun because of the decreased albedo (Rocha et al. 2012, French et al. 2016).
Such surface warming leads to permafrost thaw and subsequent increase of permafrost
thaw depth and can even cause permafrost degradation (Jones et al. 2015). When
vegetation recovers and litter accumulates, soil is again insulated against the atmosphere,
which prevents permafrost thawing. As a consequence, soil temperatures as well as
permafrost thaw depth can return to pre-fire levels (Michaelides et al. 2018).

4.2. Long-term fire influence on vegetation
In contrast to soil temperature, permafrost thaw and total vegetation patterns, plant
functional groups did not recover to the pre-fire state. Even four decades after fire, burnt
plots had a much lower cover of lichens, but a higher cover of mosses and shrubs.
The long-lasting effects of fire on lichens might be driven by limited re-colonisation abilities.
As fire destroys lichens (Jandt et al. 2008), the re-establishment requires dispersal. The most
common species in the area, Cladonia stellaris and Cladonia rangiferina, disperse mainly
through thallus fragments (Webb 1998) and, unless transferred by animals, dispersal
distances are relatively short (Heinken 1999). While lichens were limited in reaching pre-
burn cover in our study, once established they grew generally well in regard to thallus height
on the burned sites and after four decades, lichen height on burnt plots reached nearly same
mean values as on control plots. This is in line with the findings of Abudulmanova and Ektova
(2015) who observed an increasing growth rate of Cladonia species with increasing time
after fire. Negative fire impacts on lichens are expected to interact with climate change
effects. As climate change and fires induce favourable conditions for vascular plants and
change fire frequency, total lichen cover in Arctic regions will likely be reduced (Jandt et al.
2008, Joly et al. 2009).
In contrast to lichens, bryophyte cover recovered quickly on burnt plots and even gained
higher values than unburnt plots. Bryophytes are often the first plants that colonize burnt

areas (Ryoma and Laaka-Lindberg 2005), possibly because they survive in refugia or colonize
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the area via aerial dispersal (Ryéma and Laaka-Lindberg 2005, Hylander and Johnson 2010).
In tundra ecosystems, bryophytes take over the bare ground after fire (Ryéma and Laaka-
Lindberg 2005), but they may later compete with herbs and graminoids and decline (Racine
et al.,, 1987). In our study, the cover of bryophytes did not decrease with time since fire,
possibly because graminoids were not dominant in the rather dry type of tundra we studied.
We did not find any long-term post-fire effect on the cover and height of graminoids and
herbs. This contrasts with a number of studies from Alaska that report an increased cover of
these functional types after a tundra fire event (e.g. Jones et al. 2013, Narita et al. 2015).
One possible reason for this discrepancy might be the time scale. An increased cover of
graminoids in the first years was reported by Narita et al. (2015) and Racine et al. (1987), but
the studies included only 5-10 years after fire. Even after >100 years, graminoid cover was
found to be greater on burnt than on unburnt plots, although graminoid cover was reduced
with time since fire (Jones et al. 2013). We did find a slight increase in graminoid height
twelve years after the fire, but the differences between burnt and control plots later
disappeared, a pattern, that is probably linked to enhanced nutrient availability direct after
fire (Jiang et al. 2015b). Another reason for this discrepancy may be vegetation type. While
in Alaska, post-fire studies come from moist, tussock tundra types dominated by sedges
(Carex) and Cottongrass (Eriophorum) (Racine et al. 1987, Narita et al. 2015), we studied dry,
subarctic tundra with continental climate dominated by lichens.

Our results support findings from other subarctic regions on enhanced shrub growth after
fire {e.g. Higuera et al. 2008), which can be evident even >100 years after fire (Jones et al.
2013). Shrubs benefited from fire in our study, which became evident with a considerable
delay. Twelve years after fire, shrub cover and height did not differ between burnt and
control plots. In the older fire scar (28 years) shrub cover and height increased, and this
increase was even more pronounced in the oldest fire scar (>44 years).

In our study, the multitemporal analysis of NDVI in the 1990 fire scar corroborated this
trajectory. NDVI analysis showed, that after eight years since fire, greenness approached the
level of the unburnt reference and after 22 years a greenness level that is ca. 25 % higher
than the reference. The observed increase in NDVI is clearly attributed to the spread of
shrubs as the only significantly increasing vegetation component. Our findings are in line
with other studies showing that arctic shrubs benefit from fire (Racine et al. 2004, Jandt et

al. 2008), reinforcing shrub encroachment (besides other global change related processes)
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and thereby significantly changing ecosystem functioning (Myers-Smith et al. 2011). This is in
contrast to other ecosystems such as tropical savannahs or temperate grasslands where fire
is usually counteracting shrub expansion {Naito and Cairns 2011).

Fire can enhance shrub encroachment by two mechanisms. First, fire clears vegetation and
thus, shrubs can better germinate and establish (Gough 2006). Second, fire promotes re-
growth of shrubs from parts that survived the fire, for example rhizomes (de Groot and Wein
2004). While we do not have any information on seedling establishment, we documented a
positive fire impact on growth-related traits, which indicates enhanced growth. Specifically,
individual plant cover and height as well as SLA in B. nana, the dominating vascular plant
species of the shrub tundra in our study region, increased. A similar pattern was shown for
alder shrubs (Alnus viridis subsp. fruticosa) at the border between subarctic and Arctic {Lantz
et al. 2010).

The positive effect of fire on shrub growth is likely mediated via increased surface and soil
temperature, availability of nutrients and other ecological factors that change after fire
(Chapin 1983, Chambers et al. 2005, Myers-Smith et al. 2015). High surface and soil
temperatures generally enhance photosynthesis, nutrient absorption and prolong the
vegetation period (Chapin 1983, Nielsen et al. 2017). Higher soil temperatures and deeper
permafrost thaw additionally enhance growth by better nutrition through increased rooting
depth and soil volume and the provision of surplus nutrients through the stimulated
mineralization of organic matter (Rustad et al. 2001, Schuur et al. 2009). While these factors
affect all plants, B. nana poses further mechanisms that allow the species to benefit from
post-fire elevated temperatures. This species can modify its physiology and develop bigger
vessels that allow more efficient water transport (Nielsen et al. 2017), and, in contrast to
other tundra plants, uses mycorrhiza to transfer belowground carbon (Deslippe and Simard
2011). Furthermore, B. nana has the ability to change its growth strategy — with enhanced
nutrient availability more long shoots are produced (Bret-Harte et al. 2001). As a result, B.
nana showed increased height and raised SLA, indicating improved thermal growth
conditions and nutrient availability (Kummerow et al. 1987, Shaver et al. 2001) on burnt
plots. This relationship between B. nana and mycorrhizal networks might be the reason, why
we found diverging patterns in the subshrub V. uliginosum and B. nana in response to fires.
The enhanced shrub growth and increased nutrient availability (as indicated by SLA)

persisted even in the oldest successional stage (>44 years), although the permafrost thaw
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depth and soil temperatures returned to similar levels as in unburnt plots. This illustrates a
strong fire legacy effect in shrub growth, possibly because individual shrub plants on burnt
plots gained growth advantage over shrub plants on control plots during the time-limited
phase when soil temperatures were higher and permafrost thaw deeper. The growth

advantage remains also after the soil thermal regime went back to normal levels.

5. Conclusions

While soil thermal properties and total vegetation cover seemed to recover within decades
in our study, recovery of plant functional groups, was not complete after 44 years and it is
unclear whether it will recover to a pre-fire state at all. A clear winner of tundra fires in
Western Siberia is the shrub species B. nana, which showed enhanced growth of individual
plants after burning. While the permafrost thaw depth and soil temperatures returned to
levels comparable with unburnt plots after 44 years, we found shrubs to grow further. This
indicates a strong fire legacy effect, with far reaching implications for the whole ecosystem.
Through higher shrub cover, an alteration in decomposition patterns is probable (McLaren et
al. 2017) and the changing fire regime in Arctic regions might be influenced as well. Using a
space-for-time approach we could unravel long-term fire impacts on the soil thermal regime
and vegetation and show connections between fire effects and plant traits. We could
demonstrate that those findings agreed with the time series analysis of satellite images. Our
results suggest, that the recovery after fire in a dry and lichen-dominated subarctic tundra is
very slow and that the ecosystem does not reach pre-fire conditions even after almost half a
century.

Most studies on post-fire dynamics were conducted in moist tundra in Alaska. We
demonstrated that the post-fire dynamic of the dry, lichen-dominated tundra in Russia may
follow different recovery patterns but also confirm panarctic findings of enhanced shrub
encroachment after fire. A deeper understanding of links between ecosystem processes and
fire impacts requires more studies across the entire, and until now largely unstudied,

northern Eurasian tundra belt.
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Post-fire vegetation succession in the Siberian subarctic tundra over 45 years
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Table Al: Cover in % of functional plant groups on burnt and unburnt plots of the three fire

scars.

Years since fire 12 28 >44

Burn status unburnt burnt unburnt burnt unburnt burnt
Lichens 44,05 1.84 85.50 11.15 76.20 34.20
Bryophytes 3.10 11.40 1.73 12.60 2.47 14.40
Graminoids 3.45 9.60 2.66 5.32 3.58 3.85
Herbs 1.60 543 0.28 2.85 1.22 2.00
Dwarf shrubs 16.20 17.60 9.30 19.00 7.10 16.40
Shrubs 29.00 24.00 19.20 34.50 22.20 43.50
Trees 4.80 1.15 0.85 1.31 4.04 4.45
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Fig. A2: dNBR-values of all burnt plots related to the fire scars burnt in 2005 and 1990.

Table A3: Functional groups with names of most abundant species.

Functional group Species
Cladonia stellaris

Lichens Cladonia rangiferina
Polytrichum juniperinum
Polytrichum commune
Bryophytes

Pleurozium schreberi
Aulacomnium turgidum
Carex globularis
Graminoids Arctagrostis latifolia
Carex rupestris
Petasites frigidus
Equisetum arvense
Vaccinium uliginosum
Dwarf shrubs Vaccinium vitis idaea
Empetrum nigrum
Betula nana

Herbs

Shrubs Ledum palustre
Salix phylicifolia
Trees Larix sibirica
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Table A4: Estimates of linear-mixed effects models of soil temperature, permafrost thaw

depth, cover and height in regard to (different groups and) time since fire (12, 28, >44).

Independent variables Dependent variable 2.50% Mean 97.50% P(estimate >0)

Intercept 4.48 6.29 8.04 1.00
28 years soil temperature -2.40 -0.02 2.52 0.52
>44 years -8.42 -6.05 -3.52 0.00
Intercept -44.26 -32.98 -21.33 0.00
28 years permafrost thaw depth -14.88 0.51 16.30 0.53
>44 years 24.80 39.64 56.17 1.00
Intercept 1.28 6.31 11.35 0.99
28 years -7.45 -1.12 6.28 0.38
>44 years ) -12.31 -5.54 1.55 0.06
total cover cover (total & bare soil) -40.49 3376 -27.08 0.00
28 years x total cover 4.30 13.63 22.97 1.00
>44 years x total cover 20.09 30.34 39.67 1.00
Intercept 1.04 8.34 16.30 0.98
28 years -8.98 2.49 13.05 0.68
>44 years -7.32 3.54 13.97 0.75
grasses -13.19 -2.30 8.67 0.34
herbs -15.31 -4.52 5.70 0.21
lichens -61.52 -50.36 -40.47 0.00
shrubs -23.99 -13.35 -2.41 0.01
dwarf shrubs -17.73 -6.69 3.78 0.10
28 years x grasses . -21.46 -5.70 9.47 0.23
>44 years x grasses cover (plant functional types) -24.29 9.67 5.77 0.12
28 years x herbs -20.02 -3.82 12.00 0.31
>44 years x herbs -21.86 -6.59 8.46 0.20
28 years x lichens -49.75 -34.78 -18.94 0.00
>44 years x lichens -18.71 -3.38 11.72 0.33
28 years x shrubs 2.39 17.99 33.34 0.99
>44 years x shrubs 7.64 22.83 37.84 1.00
28 years x dwarf shrubs -9.53 5.62 21.95 0.78
>44 years x dwarf shrubs -10.48 4.17 20.02 0.71
Intercept -6.88 -0.34 5.87 0.45
28 years height (plant functional types) -9.58 0.00 10.03 0.51
>44 years -7.90 0.83 10.36 0.59
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grasses -15.30 -6.09 2.89 0.09
herbs -8.95 0.57 9.67 0.53
lichens -16.77 -7.60 1.82 0.06
shrubs -6.73 1.91 11.78 0.67
dwarf shrubs -10.72 -1.88 6.96 0.33
28 years x grasses -12.08 0.90 13.32 0.55
>44 years x grasses -11.36 1.36 14.79 0.59
28 years x herbs -11.39 1.99 15.79 0.60
>44 years x herbs -19.61 -6.05 6.86 0.17
28 years x lichens -12.92 0.07 13.24 0.48
>44 years x lichens -9.64 3.40 16.29 0.69
28 years x shrubs -6.30 7.89 21.24 0.86
>44 years x shrubs -4.93 8.59 20.79 0.89
28 years x dwarf shrubs -13.99 -1.20 11.77 0.44
>44 years x dwarf shrubs -11.43 1.49 14.09 0.59

Table A5: Estimates of linear-mixed effects models of different plant traits in regard to the

two species B. nana and V. uliginosum and time since fire (12, 28, >44).

Independent variables Dependent variable 2.5% Mean 97.5% P(estimate > 0)
Intercept -5.89 13.49 32.81 0.81
V. uliginosum -30.97 -4.45 20.99 0.66
28 years diameter -20.11 6.37 34.40 0.86
>44 years -1.42 25.13 52.87 0.60
V. uliginosum x 28 years -27.71 8.89 44.07 0.33
V. uliginosum x >44 years -60.12 -22.04 15.21 0.86
Intercept -5.85 5.10 15.27 0.47
V. uliginosum -18.17 -5.72 6.44 0.81
28 years height -17.60 -2.77 11.67 0.53
>44 years -3.11 11.76 26.87 0.32
V. uliginosum x 28 years -13.59 3.55 20.45 0.36
V. uliginosum x >44 years -32.31 -15.51 1.83 0.96
Intercept -0.16 0.12 041 0.40
V. uliginosum -0.54 -0.16 0.24 0.77
28 years -0.40 -0.02 0.36 0.87
>44 years blade length -0.31 0.10 0.49 0.90
V. uliginosum x 28 years -0.33 0.24 0.78 0.20
V. uliginosum x >44 years -0.40 0.16 0.69 0.30
Intercept -0.02 0.02 0.06 0.81
V. uliginosum -0.05 0.00 0.05 0.52
28 years ) -0.05 0.00 0.05 0.15
>44 years leaf thickness -0.08 -0.02 0.03 0.07
V. uliginosum x 28 years -0.10 -0.03 0.04 0.77
V. uliginosum x >44 years -0.09 -0.01 0.06 0.65
Intercept -30.27 -6.39 17.31 0.60
V. uliginosum -24.11 9.25 43.16 0.27
28 years SIA -25.36 9.16 44.93 0.50
>44 years -0.49 29.26 62.43 041
V. uliginosum x 28 years -59.22 -9.81 40.84 0.67
V. uliginosum x >44 years -80.18 -33.65 10.29 0.92
Intercept -47.48 42.61 137.88 0.49
V. uliginosum -134.58 -44.69 42.57 0.85
28 years LDMC -131.72 -2.59 135.20 0.39
>44 years -208.97 -83.23 45.56 0.89
V. uliginosum x 28 years -151.86 -21.49 113.21 0.58
V. uliginosum x >44 years 33.35 161.12 285.21 0.01
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Table A6: Estimates of linear-mixed effects models for NDVI in regard to time.

Independent Variable 2.50% Mean 97.50%
Intercept -0.17 -0.15 -0.13
Time 4.86x10% 5.99 x10% 7.14x10*
Time? -4.43 x10°® -3.26x10°® -2.05 x10™
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