
Environmental Research Letters

LETTER • OPEN ACCESS

Long-term ecological consequences of forest fires in the continuous
permafrost zone of Siberia
To cite this article: Alexander V Kirdyanov et al 2020 Environ. Res. Lett. 15 034061

 

View the article online for updates and enhancements.

This content was downloaded from IP address 193.134.202.200 on 09/03/2020 at 11:42

https://doi.org/10.1088/1748-9326/ab7469


Environ. Res. Lett. 15 (2020) 034061 https://doi.org/10.1088/1748-9326/ab7469

LETTER

Long-term ecological consequences of forest fires in the continuous
permafrost zone of Siberia

AlexanderVKirdyanov1,2,3,Matthias Saurer4, Rolf Siegwolf4, Anastasia AKnorre3,5, Anatoly S Prokushkin2,3,
OlgaVChurakova (Sidorova)3,4 ,MarinaVFonti3,4 andUlf Büntgen1,4,6,7

1 Department ofGeography, University of Cambridge, CB2 3EN,United Kingdom
2 V.N.Sukachev Institute of Forest SBRAS, Federal ResearchCenter ‘Krasnoyarsk Science Center SBRAS’, 660036Krasnoyarsk,

Akademgorodok, Russia
3 Siberian Federal University, 660041Krasnoyarsk, Svobodnii 79, Russia
4 Swiss Federal Research InstituteWSL, CH-8903Birmensdorf, Switzerland
5 StateNatural Reserve (Stolby), Krasnoyarsk, 660006, Russia
6 Department ofGeography, Faculty of Science,MasarykUniversity, 613 00 Brno, Czech Republic
7 Global Change Research Institute of theCzechAcademy of Sciences (CzechGlobe), 603 00 Brno, Czech Republic

E-mail: kirdyanov@ksc.krasn.ru

Keywords: active soil layer, boreal forest, permafrost, Siberia, stable isotopes, tree rings, wildfire

Supplementarymaterial for this article is available online

Abstract
Wildfires are an important factor in controlling forest ecosystemdynamics across the circumpolar
boreal zone. An improved understanding of their direct and indirect, short- to long-term impacts on
vegetation cover and permafrost–vegetation coupling is particularly important to predict changes in
carbon, nutrient andwater cycles under projected climate warming.Here, we apply dendrochrono-
logical techniques on amulti-parameter dataset to reconstruct the effect of wildfires on tree growth
and seasonal permafrost thaw depth inCentral Siberia. Based on annually-resolved and absolutely
dated information from19Gmelin larch (Larix gmelinii (Rupr.)Rupr.) trees and active soil layer
thicknessmeasurements, we find substantial stand-level die-off, as well as the removal of ground
vegetation and the organic layer following amajorwildfire in 1896. Reduced stem growth coincides
with increased δ13C in the cellulose of the surviving trees during thefirst decade after thewildfire,
when stomatal conductancewas reduced. The next six to seven decades are characterized by increased
permafrost active soil layer thickness. During this period of post-wildfire ecosystem recovery,
enhanced tree growth together with positive δ13C and negative δ18O trends are indicative of higher
rates of photosynthesis and improvedwater supply. Afterwards, a thinner active soil layer leads to
reduced growth because tree physiological processes become limited by summer temperature and
water availability. Revealing long-term effects of forestfires on active soil layer thickness, ground
vegetation composition and tree growth, this study demonstrates the importance of complex
vegetation–permafrost interactions thatmodify the trajectory of post-fire forest recovery acrossmuch
of the circumpolar boreal zone. To further quantify the influence of boreal wildfires on large-scale
carbon cycle dynamics, futurework should consider awide range of tree species fromdifferent
habitats in the high-northern latitudes.

Introduction

Destroying more than 1% of the global boreal forest
each year (van der Werf et al 2006), wildfires have
substantial impacts on vegetation structure and com-
position, the soil organic layer, as well as zoobiota and

microbial communities (Viereck and Schandelme-
ier 1980, Moore 1996, Certini 2005, Waldrop and
Harden 2008, Gibson et al 2018). Associated changes
are known to modulate nutrient and carbon cycles,
surface energy fluxes, and the water balance over the
world’s largest biome (Amiro et al 2006, Köster et al

OPEN ACCESS

RECEIVED

6December 2019

REVISED

7 February 2020

ACCEPTED FOR PUBLICATION

10 February 2020

PUBLISHED

6March 2020

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 4.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2020TheAuthor(s). Published by IOPPublishing Ltd

https://doi.org/10.1088/1748-9326/ab7469
https://orcid.org/0000-0002-1687-1201
https://orcid.org/0000-0002-1687-1201
https://orcid.org/0000-0002-2415-8019
https://orcid.org/0000-0002-2415-8019
https://orcid.org/0000-0002-3821-0818
https://orcid.org/0000-0002-3821-0818
mailto:kirdyanov@ksc.krasn.ru
https://doi.org/10.1088/1748-9326/ab7469
https://crossmark.crossref.org/dialog/?doi=10.1088/1748-9326/ab7469&domain=pdf&date_stamp=2020-03-06
https://crossmark.crossref.org/dialog/?doi=10.1088/1748-9326/ab7469&domain=pdf&date_stamp=2020-03-06
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/licenses/by/4.0


2017, Walker et al 2019). Despite an apparent decline
in the total global area burned between 1996 and 2015
(Doerr and Santín 2016, Andela et al 2017), the
frequency and intensity of boreal wildfires in Alaska,
Canada and Russia have increased substantially over
the 20th and early-21st century (Soja et al 2007,
Turetsky et al 2011, Ponomarev et al 2016, Forkel et al
2019). This evidence is in line with global and regional
model output that predicts a further increase in the
extent and severity of boreal wildfires due to climate
change (Chapin et al 2000, Flannigan et al 2013,
Boulanger et al 2014). The spatiotemporal distribution
of forest fires in Siberia also testifies an increasing
danger under future surface warming of the high-
northern latitudes (Ponomarev et al 2016, García-
Lázaro et al 2018).

Up to 80% of the boreal forest grow on perma-
frost, where only a shallow upper soil layer thaws tem-
porally each summer (Cable et al 2014; Helbig et al
2016), the so-called active soil layer (ASL). Although
the global permafrost extent is largely controlled by
surface air temperature (Shur and Jorgenson 2007),
wildfires can affect the ASL by removing the insulating
upper vegetation and organic soil layer, thus facilitat-
ing vertical heat transfer (Jafarov et al 2013). To under-
stand the effects of wildfires on permafrost, the ASL
thickness was repeatedly measured at many sites in
northern North America (MacKay 1995, Brown et al
2000, Viereck et al 2008), and upper permafrost thaw
dynamics were estimated from the rate of forest eco-
system recovery after burning (Brown et al 2015). Pre-
vious studies demonstrate not only high spatial
variability, but also great dependency of the ecological
consequences of wildfires on a multitude of environ-
mental factors, including seasonal permafrost thaw,
soil texture and moisture, as well as the timing and
intensity of fires (Minsley et al 2016). Despite the
above, our understanding of the longevity of post-
wildfire ecosystem recovery is still limited (Shvetsov
et al 2019), because comprehensive and inter-
disciplinary long-term monitoring studies in the bor-
eal forest are logistically challenging.

Dendroecology, however, can provide insights of
unique temporal resolution, because tree rings may
allow fire histories to be reconstructed (McBride 1983,
Stivrins et al 2019). A recent example of the successful
utilization of tree rings inwildfire dendroecology is the
precise dating of moss buried stems to quantify post-
wildfire dynamics of the ASL thickness and ground
vegetation recovery in northern Siberia (Knorre et al
2019). Moreover, innovate dendrochronological
approaches have combined annually-resolved and
absolutely-dated ring widthmeasurements with stable
isotopic ratios to provide eco-physiological insights
into tree-fire interactions (Beghin et al 2012, Batti-
paglia et al 2014). Stable carbon and oxygen isotopes in
wood cellulose can reflect information on the water-
use, stomatal conductance and photosynthesis of trees
(McCarroll and Loader 2004). Despite a large body of

tree-ring stable isotope research across the boreal per-
mafrost zone (Saurer et al 2004, Kirdyanov et al 2008,
Sidorova et al 2009, 2010, Tei et al 2013, Churakova
(Sidorova) et al, 2019), only a few studies addressed the
impact of wildfires on tree growth (Porter et al 2009,
Sidorova et al 2009), and none of them assessed the
direct and indirect effects of post-fire ecosystem recov-
ery on the isotopic composition in tree rings.

Here, we combine dendrochronological and stable
carbon and oxygen isotopic measurements to recon-
struct the impact of forest fire and climate on the radial
growth and physiology of Gmelin larch (Larix gmelinii
(Rupr.) Rupr.) in the continuous permafrost zone of
Central Siberia. We therefore identify wildfire-driven,
interannual to multi-decadal changes in various tree-
ring parameters during ecosystem recovery. We also
reconstruct the prior- and post-fire dynamics in dif-
ferent ecosystem components, and link the observed
changes in tree physiology to the recovery rate of the
permafrost ASL after wildfires.

Materials andmethods

Our sampling site is located within the continuous
permafrost zone in the northern part of Central Siberia
(64°13′N, 100°28′E and 215 m asl). This region is
characterized by continental climate with a distinct
intra-annual temperature amplitude between the
warmest (TJuly=+16.6 °C) and coldest
(TJanuary=−35.9 °C) months, and overall very low
annual precipitation totals∼360 mm (calculated since
1929 for the meteorological station in Tura that is
located about 13 km away from our sampling site).
Permafrost thickness varies between 220 and 500 m
(Brown et al 1997), with up to twometers of seasonally
thawing ASL. The natural forest is dominated by
Gmelin larch (Larix gmelinii (Rupr.) Rupr.), which is
well-adapted to the harsh environmental conditions of
Siberia’s boreal zone (Abaimov et al 1997). The
growing season is restricted to∼70–90 d between late-
May and early-September (Bryukhanova et al 2013,
Shishov et al 2016).

Except for a small tree island, a massive wildfire in
1896 removed most of the forest cover in our study
area (figure 1(a)). Due to an extent area of >50 km2

that was burned, and a high rate of tree mortality, the
1896 wildfire clearly exceeded most of the recent fires
that affect ∼20 km2, on average (Kharuk and Pono-
marev 2017, Ponomarev and Ponomareva 2018).
Although trees that survived the wildfire are larger
than those that established afterwards (figure 1(b)), the
post-fire stand is much denser (table 1). A higher pro-
portion of lichens, including several species of Clado-
nia andCetraria genera suggests drier conditions at the
older stand compared to the younger post-fire stand
that is mainly covered by mosses, e.g. Pleurozium
schreberi and Hylocomium splendens
(Vodop’yanova 1976).
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To assess the regional-specific rate of wildfire-
induced changes in ASL thickness, we performed field
measurements of the seasonal depth of permafrost
thaw at eight sites that have been affected by wildfires
in different years. While themost recent fire happened
just a few weeks before the soil measurements, pre-
vious fires occurred 1, 11, 15, 25, 60, 107 and 180 years
ago. All of the study sites are characterized by a specific
permafrost microtopography termed ‘earth hum-
mocks’ that is typical for the area. Such microrelief
patterns consist of mounds neighboring bowl-shaped
depressions that are formed by the freeze-thaw cycles
within the ASL (Kawahigashi et al 2011 and references
therein). The ASL thickness was measured in the sec-
ond half of the growing season of 2006 separately for
troughs and mounds along a 10 m transect within
every plot at 1 m intervals (n=11 positions in total)
with a steel pole (1 cm measurement interval, 1.2 m
length and 1 cm diameter). To confirm our data, we
additionally measured ASL thickness for randomly
selected 7 mounds and 7 troughs across each study
site. The ASL thickness was obtained as the difference
between the measured total thawed depth and the
height of the organic layer (moss-lichen stratum and
organic soil layer accumulated on a mineral soil sur-
face). The ASL thickness therefore only refers to the

mineral soil. For the same sites and transect points, we
measured the moisture content at 5 cm depth mineral
soil. Samples were weighed, and subsamples in tripli-
cate were dried in an oven at 105 °C for 48 h to deter-
mine field moisture content as percentage of the
absolute dry weight. Although these additional mea-
surements were restricted to mid-July and mid-
August, they are representative of the warm season,
because the fastest rate of annual thawing of the upper
permafrost layer happens before mid-July (Pro-
kushkin et al 2005, Saurer et al 2016).

Three to four increment cores per tree were col-
lected at themain sampling site in the summer of 2011
from eight dominant trees that survived the wildfire in
1896 (Kirdyanov et al 2008, 2018). Two larches were
felled afterwards and cross-sections were taken at
0.3 m stem height to date the wildfire with fire scars.
For the larch stand that recruited after the wildfire, we
collected two cores from eleven randomly selected
dominant trees. One core per tree was used for x-ray
densitometry with DENDRO-2003 (Schweingruber
1988). The resulting tree-ring width (TRW) and max-
imum latewood density (MXD) measurements were
simultaneously used for visual cross-dating, whichwas
statistically verified by COFECHA (Version 6.02 P).
The individual TRW series were standardized with

Figure 1. (a)Old trees that survived the 1896wildfire, (b) post-fire larch stand, and (c) location of the sampling area withinCentral
Siberia (red circle).

Table 1. Forest stand and tree growth characteristics of prior- and post-wildfire cohorts (ASL=active soil layer).

Tree stand Height±SD,m

Diameter

±SD, cm

Tree age,

years

Tree density,

N/ha

Organic layer thick-

ness, cm

ASL thick-

ness, cm

Prior-wildfire 16.0±1.3 25.9±3.2 168±13 400 < 9 57.7±18.6
Post-wildfire 8.0±0.8 9.9±1.0 95±6 5400 13.8±4.1 36.4±11.0
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negative exponential functions, whereas cubic
smoothing splines with 50% frequency-response cut-
off at 2/3 of the individual series length were used for
the age-trend removal in MXD data. Bi-weight robust
means of the individual measurement series were cal-
culated to produce dimensionless TRW and MXD
index chronologies.Moving-window, inter-series cor-
relation coefficients (Rbar) and the Expressed Popula-
tion Signal (EPS; Wigley et al 1984) were used to
characterize the general behavior and internal signal
strength of the individual chronologies.

To assess changes in wood accumulation rates at
the two-dimensional stem surface level, the raw TRW
measurements were converted into basal area incre-
ment (BAI), and the resulting BAI series of the indivi-
dual trees were averaged separately for the prior- and
post-wildfire cohorts. BAI was used in addition to the
raw and standardized TRW and MXD chronologies,
because it is less prone to age-related changes in tree
geometry (Fritts 1976), and therefore does not require
standardization/detrending (Biondi and
Qaedan 2008).

For the stable carbon and oxygen isotope analysis,
we used material from two cores of five trees that sur-
vived the fire. After cross-dating, wood of each calen-
dar year of the individual tree-ring cores was split, and
pooled in accordance with the weight contribution of
each sample before milling. Further procedures of cel-
lulose extraction, sample preparation and isotopic
composition measurement followed the steps descri-
bed in Saurer et al (1997, 2016). The isotopic values
(δ18O and δ13C) in cellulose are expressed in delta
notation relative to the international V‐PDB reference
for carbon and V‐SMOW for oxygen. The raw carbon
isotope data were corrected for the decreasing atmo-
spheric δ13C value due to fossil fuel combustion (Suess
Effect, Keeling 1979). Based on δ13C values, we calcu-
lated intrinsic water use efficiency (iWUE) according
to Farquhar and Richards (1984). Further, iWUE rela-
tions to BAI were used to assess how trees are adapting
to changing environmental factors after the occur-
rence of wildfires.

To determine the most important climatic factors
that control radial tree growth and isotopic composi-
tion, the different tree-ring parameters (TRW, MXD,
BAI and δ13C and δ18O) were correlated against
monthly temperature means and precipitation totals
from the nearest meteorological station in Tura that is
operating since 1929 (WMO_ID=24507). June–
August summer temperature means (Ts) and winter
precipitation totals from previous November to Feb-
ruary of a current year (Pw)were also used. To observe
growth-climate response shifts, Pearson’s correlation
coefficients were calculated for two similarly long,
non-overlapping periods: 1936–1964 and 1980–2009.
While both intervals are characterized by good data
quality and quantity, they represent intervals with dif-
ferent tree-ring growth rates. To analyze differences
among mean values of iWUE and BAI for various

periods of tree growth, we applied a variance analysis
(one-way ANOVA). The correlation analysis, the Sha-
piro-Wilk W test for normality prior to ANOVA and,
the ANOVA itself were carried out in Statistica, ver-
sion 10 (StatSoft, Inc.).

Results

Radial tree growth
Tree-ring data indicate that a devastating wildfire in
1896 caused a pulse of larch regeneration with trees
reaching 1.2 m vertical height (equal to sampling
height) in 1908–1927 (figure 2(a)). Both prior- and
post-wildfire trees show enhanced juvenile growth
which is removed by standardization (figures 2(b) and
S1, available online at stacks.iop.org/ERL/15/
034061/mmedia). TRW index chronologies are char-
acterized by high synchrony of year-to-year andmulti-
decadal fluctuations, both for prior- and post-wildfire
tree generations, with high inter-series correlation
(Rbar=0.504, EPS>0.85 since 1873 and
Rbar=0.460, EPS>0.85 since 1936)
(figures 2(b), S1).

An abrupt decline in tree growth after the wildfire
is well pronounced in the raw and standardized TRW
chronologies. Tree radial growth indices during the
pre-wildfire period (0.95±0.24, period 1923–1895)
considerably decrease to 0.54±0.12 in 1896–1907
with theminimum value of 0.31 in 1900, which is 38%
compared to the last prior-wildfire year (0.82 in 1895).
Between 1908 and 1973, TRW indices vary around the
mean of 1.20±0.27, with a general upward trend
during the first three decades of post-wildfire recovery
and a continuous decline from the mid-1950s to the
1970s, when standardized tree growth drops below the
mean value (0.72±0.18). Similar tendencies are
observed for wildfire-induced changes in BAI
(figure 2(c)). Enhanced wood accumulation rates dur-
ing the last two decades before the wildfire are fol-
lowed by an approximately decade-long reduction in
BAI and a continuous recovery from around 1908 to
the 1930s. Then, the increasing trend is switched to a
decreasing tendency until the late-1970s. In the 1980s
and onwards, BAI fluctuates around and below 100
mm2 year−1 per tree (figure 2(c)). Mean BAI of the
younger post-wildfire tree generation follows the
multi-decadal trends of the older trees, but is generally
characterized by three-fold lower values (1960–2010).

MXD has been affected by the wildfire similarly to
TRW and BAI (figure 3(a)). After the forest fire, MXD
decreased from the prior-wildfire level
0.997±0.045 g cm−3 (1823–1895) to 0.888 in 1899,
and remained below the average until 1903. From
1904 to 1972, MXD shows elevated values of
1.059±0.098 g cm−3 with a subsequent reduction to
0.934±0.118 g cm−3 in 1974–2010.
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Figure 2. (a) Individual tree-ringwidth (TRW) chronologies of prior- (black) and post-wildfire (red) cohorts, (b) individual (grey) and
mean (black)TRWstandardized chronologies, and (c)mean basal area increment (BAI) of prior- (black) and post-wildfire (red)
cohorts. The vertical line refers to the wildfire in 1896. The light grey shadings show the transitions between different phases of the
post-fire ecosystem recovery. The dark boxes indicate periods of dendroclimatic analyses.

Figure 3. (a) Individual (grey) andmean (black) standardmaximum latewood density (MXD) chronologies of prior-wildfire trees, (b)
carbon and (c) oxygen isotope chronologies. The ellipse highlights the period of abrupt decline of δ13C values. Dashed lines show
trends in isotopic data over the 1897–1973 period, whereas the vertical line refers to thewildfire in 1896. The light grey shadings show
the transitions between different phases of the post-fire ecosystem recovery. The dark boxes indicate periods of dendroclimatic
analyses.
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Stable isotope ratios
Themean value of stable carbon isotope ratios in tree-
ring cellulose before the wildfire was
−23.75±0.43‰ (1860–1895 period) (figure 3(b)).
The wildfire event caused an increase of δ13C from
−24.16‰ in the pre-wildfire year 1895 to −21.87‰
in 1897, and −22.41‰ in 1898. In the following
decades, there is an increasing trend of C-isotope
values (0.11‰ per decade, p<0.0001) from 1897 to
1973, with the mean value of −23.11±0.57‰ over-
all. The 1974–2009 period starts with a rather abrupt
decline of δ13C to the mean −23.32±0.45‰, which
is close to the pre-wildfire values.

In contrast to carbon, oxygen stable isotope ratios
show only a minor immediate response to the wildfire
and a significant (p<0.001) decline of 0.169‰ per
decade during 1897–1973, with similar values prior
the wildfire (23.91±1.08‰ in 1860–1895) and in
1974–2009 (23.30±0.79‰) (figure 3(c)). Standard
deviation of oxygen stable isotope ratios calculated
with a 7 year window considerably increases from
1.1‰ for 1860–1903 to 1.7‰ for a short period after
the fire (1904–1914), representing the highest varia-
bility observed for thewhole chronology.

The relation of BAI to intrinsic water use efficiency
(iWUE) is shown for three periods: prior-wildfire
(1860–1895), period with high radial growth
(1911–1964) and with reduced growth (1980–2009)
(figure 4). The prior- and post-fire periods are similar
in the rates of wood accumulation (one-way ANOVA
p=0.316), but differ significantly in iWUE
(p<0.01). The period from 1980 to 2009 is character-
ized by increasing iWUE and significantly reduced
BAI (p<0.01).

Growth-climate sensitivity
Temperature effect: Correlations between the tree-
ring parameters and monthly climate data indicate a
rather low dependency of tree radial growth on
temperature during the 1936–1964 period of
enhanced wood production with June thermal

conditions affecting TRW (r=0.39, p<0.05), and
previous year December (r=−0.45, p<0.05) and
current January (r=0.39, p<0.05) temperature
influencing δ13C and δ18O, respectively (table S1).
During the 1980–2009 period of low tree radial
growth, the role of temperature, especially during
summer, increases. All the tree-ring parameters are
positively related to mean summer temperature, with
June being especially important for TRW (r=0.42,
p<0.05), MXD (r=0.40, p<0.05) and BAI
(r=0.45, p<0.05) and July for δ13C (0.52,
p<0.01). In contrast, prior-season temperature in
April has a negative effect on TRW,MXD and BAI (up
to r=−0.51, p<0.01).

Precipitation effects: During the 1936–1964 per-
iod, TRW and BAI are negatively influenced by pre-
season precipitation (up to r=−0.56, p<0.01),
while MXD depends positively on previous October
(p<0.05) and current September (r=0.48,
p<0.01) monthly precipitation. Prior-season pre-
cipitation is also important for δ13C and δ18O. The
oxygen isotope ratios are negatively affected by winter
(r=−0.65, p<0.01) (mostly, December and Feb-
ruary) and July (p<0.05) precipitation while May
precipitation positively influences the carbon and oxy-
gen isotope ratios (p<0.05). July precipitation is also
important for δ18O (p<0.05). During 1980–2009,
the influence of pre-season precipitation on TRW,
MXD, BAI, and δ18O decreases, but the positive role of
July and previous October precipitation increases
(p<0.05). For δ13C, the negative influence of July
precipitation remains similar for this period but a
positive influence onMay precipitation and the role of
accumulatedwinter snow amount for δ18Odecreases.

ASLdynamics
Data on the depth of seasonal permafrost thaw for a
chronosequence of forest ecosystems affected by wild-
fire from0 to 180 years ago show a large and significant
increase of ASL depth due to burning of the insulating
layer of ground vegetation and organic layer

Figure 4.Relationship between basal area increment (BAI) and intrinsic water use efficiency (iWUE). Blue circles represent pre-
wildfire period from1860 to 1895, red squares represent period of increased ASL depth and enhanced tree growth in 1911–1964 and
green diamonds represent period of shallowASL and reduced tree growth in 1980–2009.
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(figure 5(a)). Seasonal thaw depth increases from circa
30 to 50 cm tomaximum 1.5–1.7 m within the first 30
years after the fire. Gradually developing ground
vegetation covers the soil surface approximately 20
years after the wildfire and continue to accumulate
enhancing the insulating effect. Therefore, ASL depth
decreases and returns to the prior-wildfire depth, but
only 70–80 years after fire. Furthermore, there is great
difference in ASL thickness between mounds and
troughs with the former showing greater permafrost
thaw up to 157±14 cm compared to troughs with
103±18 cm. Moisture of mineral soil at 5 cm depth
decreases to a minimum within the first 20–30 year
after wildfire and then slowly recovers (figure 5(b)).
Mounds are generally drier and their soil moisture
decreases significantly faster after the wildfire than in
troughs.

Discussion and conclusions

Our evidence for post-wildfire dynamics of the ASL
thickness and changes in tree-ring parameters reveal a
three-phase recovery process of Siberian forest ecosys-
tems after burning (figure 5). During the first phase,

10–15 years following a wildfire in 1896, TRW, BAI,
andMXD declined, while δ13C was higher than before
the fire. In this period of reduced radial tree growth
that is longer than previously reported for the area
located slightly north (Kharuk et al 2011), the negative
effects of the fire on growth and physiology appear to
be dominant. Though most of Siberia’s high-latitude
wildfires are ground fires (Conard et al 2002, Sofronov
and Volokitina 2010), there is a direct thermal damage
on larch needles. In addition, even a low intensity
wildfire can cause serious damage to trees on perma-
frost because of the superficial root system within the
soil organic layer (Kajimoto et al 2003). Direct fire
damage of larch roots may lead to a complete
destruction of the tree stand over large territories and
severe disturbance for a few surviving trees. The
immediate post-fire increase of δ13C (figure 3(b))
reflects lower leaf-internal CO2-concentration, higher
water-use efficiency, and hence less tree discrimina-
tion against heavier carbon isotopes, which could be
caused by stomata closure or faster tree photosynthesis
rates (McCarroll and Loader 2004). However, low
tree-ring growth (BAI) andMXD, partly depending on
the amount of carbohydrates accumulated during the

Figure 5.Post-fire dynamics of (a) active soil layer (ASL) thickness and (b) soilmoisture at 5 cmdepth ofmineral soil in the permafrost
zone inCentral Siberiameasured for various elements ofmicro-relief (troughs andmounds) for a fire-chronosequence of forest
ecosystems.
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growing season (Rinne et al 2015b), testify against
enhanced photosynthesis during the first years after
fire. Therefore, the assumption of wildfire-caused
damage to tree roots impeding the water supply
supports the hypothesis of stomata closure and less
discrimination against 13C by Rubisco. The increased
values of carbon isotope ratios in tree rings during the
first years after the wildfire in 1896 can also be
connected to the enhanced use by trees reserve
carbohydrates with a heavier carbon isotopic compo-
sition due to the damage of the photosynthetic
apparatus (Rinne et al 2015a).

The second phase from approximately 1908
onwards covers the following six to seven decades and
coincides with the period of increased ASL thickness
and elevated tree growth (figure 5). Thermal soil con-
ditions are of great importance for tree growth on per-
mafrost (Nikolaev et al 2011, Bryukhanova et al 2013,
Churakova (Sidorova) et al, 2016), and deeper ASL
usually promotes faster tree growth due to higher soil
temperatures near the surface and higher water and
nutrient availability (Kirdyanov et al 2013, Bryukha-
nova et al 2015, Shishov et al 2016). At our study site, a
favorable hydrothermal regime of soil stimulated suc-
cessful regeneration of larch, development of deeper
rooting systems of the survived trees, and higher tree
radial growth. Interesting, BAI increased during the
first half of the period till the 1930s and gradually
decreased afterwards, which generally reflects the ASL
dynamic (figure 5(a)). Climate correlation analysis tes-
tifies that during this period, summer temperatures
only slightly influence TRW and have no effect on
other tree-ring parameters which implies favorable
soil temperature regime for tree growth.

The positive trend in tree-ring δ13C to heavier
values combined with a declining trend of δ18O during
the period of deeper ASL may reflect the increasing
photosynthesis rate with little changes in stomata con-
ductance when assuming thatmainly leaf-level isotope
fractionations dominate the isotope signals (Schei-
degger et al 2000). The increased intensity of photo-
synthetic activity is supported by higher wood
accumulation (figure 2), which is in the range of prior-
fire values though intrinsic water use efficiency is sig-
nificantly higher (figure 4). Increasing carbon isotopic
values in the tree-rings could also be influenced by
soil-respired CO2 that is re-assimilated by larch trees
(Buchmann et al 1998). Respired CO2 is rather deple-
ted compared to atmospheric CO2, and therefore
changing uptake over time may result in assimilated
carbon trends. However, this effect was found to be
significant close to the soil and should therefore not
influence the isotope ratio of larch trees after the juve-
nile phase. Due to the fact that δ18O values of plant tis-
sues partly reflect isotope composition of source water
(Roden et al 2000), the interpretation of the tree-ring
oxygen isotopic ratios in the permafrost zone is com-
plicated by the ability of trees to utilize lighter water
from thawing snow and permafrost (Sugimoto et al

2002, Saurer et al 2016). The declining trend of δ18O
may also indicate an increasing role of meltwater sup-
ply for trees. This is further confirmed by a strong
negative relation between δ18O and winter precipita-
tion during the period of deep ASL and enhanced tree
growth (table S1). An increased variability of tree-ring
oxygen stable isotope ratios during the first years of
post-fire recovery from 1904 to 1920 could reflect
varying amounts of depleted melted versus enriched
rain water (Saurer et al 2016) while undeveloped and
patched ground vegetation cover still recovering after
the wildfire is not able to intercept the rain water. Dur-
ing this period, the water supply of trees therefore
mainly depends on summer conditions, when the lack
of water during dry summers may be compensated by
a higher use of permafrost water (table S1). Impor-
tantly, tree growth and isotopic composition depend
much on winter and pre-growing season precipita-
tion. Though soil moisture is relatively low
(figure 5(b)), the influence of summer precipitation on
tree growth is not pronounced, which implies an
easier access of atmospheric water to soil and tree
roots.

The third phase, the period of reduced tree radial
growth from the 1970s, is characterized by a thinner
ASL due to the recovered ground vegetation, and a
higher summer climate limitation of tree growth (table
S1). Low carbon isotope values associated with low
BAI (figure 4) testify the decreased photosynthesis rate
that is caused by low soil temperature and obstructed
water supply due to shallowASL and low soil tempera-
tures (figure 5). An abrupt decline of δ13C in the early
1970s is probably associated with a tipping point in the
adaptation of larch trees to the soil conditions that
become similar to those in the prior-wildfire period.
This fast change could, for instance, be related to the
die-off of parts of the roots due to shallower ASL
(Knorre et al 2019). Increased iWUE and reduced
wood accumulation (BAI) (figure 4) demonstrate a
decline in photosynthetic rate as a result of adaptation
to cooler soil conditions. For this period, we assume a
complete recovery of the forest ecosystem after the
wildfire. BAI of younger post-fire trees is, however,
still lower than basal growth of the prior-wildfire
cohort, both recent and at the similar ages of prior-
wildfire trees in the past (figure 3), evidencing an even
longer effect of wildfires on forest carbon accumula-
tion. On the other hand, low carbon accumulation
rates by single trees are compensated by higher stand
density (table 1), which confirms the importance of a
trajectory for the post-wildfire ecosystem recovery
(Alexander et al 2012, 2018).

The results of our dendroclimatic analysis show
temporal changes of tree growth response to climatic
variables (figures 4, 5), and uncover the tree adaptation
strategies during different phases of prior-wildfire tree
growth and ecosystem recovery. Post-fire changes in
the climatic response of tree rings have to be con-
sidered when reconstructing climate, as trees damaged
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by wildfire have to be excluded from the analysis,
which is a common practice in dendroclimatology. On
the other hand, well-defined wildfire-induced sig-
natures in multiple tree-ring parameters could help in
detecting and reconstructing fire history even for trees,
stands and ecosystems with no clear detection of fire
damage, likefire-scars.

Our reconstruction of the post-wildfire history for
the forest ecosystem on permafrost testifies a multi-
decadal effect of forest fires on ASL thickness, ground
vegetation and tree growth. This effect is well pro-
nounced in variability of all the tree-ring parameters,
including stable isotope ratios. The δ13C and δ18O data
were also shown to provide an added value to under-
standing the physiological response of trees to the
wildfire impact in southern Europe (Battipaglia et al
2014, Niccoli et al 2019), or even demonstrate envir-
onmental and physiological consequences of fire defi-
cits for trees in theWesternUnited States (Voelker et al
2019). Our study, for the first time in the boreal zone,
demonstrates opportunities to unravelling wildfire-
climate-permafrost-tree interactions when using tree-
ring isotopes. Similar studies need to be expanded to
different tree species across the permafrost zone of
boreal forests.
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