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Abstract: The state of meadow vegetation in areas with different ages of experimental spring burnout
(from 1 to 12 years ago) was studied in the Tomsk region for 3 years. On experimental plots of 1 m?
and 100 m? (small- and middle-scale levels, respectively), the dynamics of species richness, total
projective cover of vegetation, and aboveground phytomass reserves were characterized, and the
structure of communities was analyzed. It was revealed that a single fire in the spring significantly
reduces species richness for small-scale plots and increases the total projective cover for middle-
scale plots. Structural differences from control plots can be traced from 1 to 4 years for different
characteristics. The effects of fire are more prominent for small-scale plots. To suppress tree growth
and maintain the existence of meadows, grass fires seem to be a less effective practice than mowing.
At the same time, the results obtained potentially allow us to consider prescribed burning as a tool for
maintaining the stability of meadow plant communities in the south of Western Siberia, preventing
them from becoming overgrown with tree undergrowth, in cases with a controlled frequency of
burning and the use of appropriate fire safety measures.

Keywords: temperate grassland; spring burning; Western Siberia; plant community; fire regime;
chronoseries; space-for-time substitution; pyrogenic fingerprints; controlled study; bearing capacity;
boreal ecosystems

1. Introduction

Wildfires and anthropogenic fires are important factors that influence the dynamics of
ecosystems, leading to various consequences for them. Stand-replacing forest fires lead to
the replacement of forest by communities with a predominance of herbaceous plants and
trigger the processes of self-restoration. At the same time, many plant communities are
known to somehow depend on the fire regime [1]. In particular, it is generally accepted that
treeless communities (steppes, savannas, grasslands, etc.) are largely adapted to periodic
fires [2] that have played an important role in the evolution of these communities for at
least the last 6-8 million years [3-5].

The consequences of a fire in meadows are quickly masked due to the active growth
of perennial meadow grasses [2,6]. As a result, according to many environmental man-
agers and a number of scientists, periodic fires can improve the economic condition of
pastures [6,7]. Many countries use so-called “prescribed burning” as an agricultural
method [8,9]. At the same time, attention is drawn to the fact that grass fires can lead to
a decrease in phytodiversity [6], especially with an increase in the frequency of fires [10].
However, the consequences of a fire can vary greatly depending on many factors. For
example, in a more than 50-year experiment in South Africa, in grasslands after burning
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that were not mowed, the number of herbaceous plant species increased by 22%. In those
that were mowed twice a year, it decreased by 37% [11]. The month of a fire can also impact
significantly on the subsequent dynamics of yielding capacity, community structure, and
species composition [7]. The probability of damage to the underground parts of plants
and the seed bank of the soil due to exposure to high temperatures during a fire largely
depends on the soil moisture at the time of the fire [12,13]. At the same time, the influence
of fire intensity or the temperatures reached in the flames on the subsequent state and
dynamics of communities has been poorly studied [13,14]. As a result, using the example
of steppe fires for almost all characteristics changing in communities after burning, one can
find conflicting conclusions about the impact of fires, given in different studies [15].

Field model experiments could somewhat clarify the influence of various fire character-
istics on the further dynamics of meadow ecosystems. However, most existing models and
experiments were designed for either domestic fires or forest fires. The issue of ecological
modeling of the role of fire in grass communities has received greater attention recently,
with the emergence of evidence that fires in African savannas are “responsible” for more
than half of burning-related global carbon dioxide emissions and play a critical role in the
global methane cycle [16,17].

It is known that the temperature of grass fires is significantly lower than that observed
during crown fires. Typically, the temperature of grass fires is estimated in the range from
450 to 650 but, in some cases, can be up to 930 °C [14,18,19]. For crown fires that destroy a
tree layer, estimates are given at 900-1200 °C, and in some cases up to 1500 °C [20]. At the
same time, unlike forest communities, grassland communities can be exposed to fire much
more often. For example, in the protective zone of the Polistovsky Nature Reserve (Pskov
region; NW Russia), meadow phytocenoses in different areas burned out from 0 to 5 times
over an 18-year observation period [21]. For steppe meadows in the Bryansk region (the
western part of Russia), the intervals between fires in the meadows in most cases range from
1to 4 years [10]. In the forest-steppe zone of the Belgorod region in the “Roven’sky” national
park (SW Russia), where meadows are confined mainly to unplowed gullies and river
valleys, in the spring season of 2002 alone, 10% of all meadow vegetation burned out [22].
At the same time, prescribed burning of meadows is not a legally accepted agricultural
practice in Russia. Most of these burnings occur spontaneously and uncontrollably, which
raises the question of the impact of fires on meadow communities in different regions
of Russia.

Since 2011, at the Basic Experimental Complex of the Institute of Atmospheric Optics
of the Siberian Branch of the Russian Academy of Sciences (hereinafter referred to as BEC),
located in the city of Tomsk (Western Siberia, Russia), experiments have been carried out to
study the fire spread mechanisms associated with conducting field experiments, recording
the physical parameters of the environment during prescribed fires: fire temperature,
dynamics of meteorological parameters, gas and aerosol composition of the atmosphere,
characteristics of turbulence in the combustion zone, etc. [18,19,23]. As part of a joint study,
we decided to analyze the state of meadow communities in areas with different histories of
controlled fires.

The goal of our work is to establish the degree of change and timing of restoration of
the characteristics of meadow communities in the territory of the BEC after single pyrogenic
events. As a null hypothesis, based on the data on the high resistance of grass vegetation to
pyrogenic effects, we assumed that the characteristics of communities might be restored in
the second year after the fire.

2. Materials and Methods
2.1. Study Site

The site for conducting model experiments is located at the territory of the BEC (circa
95,000 m? in the south-eastern part of Tomsk city; 56°28' N, 85°06’ E). The study site is
located in the ancient right-bank terrace of the Ushaika River (right tributary of the Tom
River, the Ob River basin), in the eastern part of the macroslope of the Tom-Yaya interfluve
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(152-160 m a.s.l.), and predominating slopes of 0.3-3.0°. The study region belongs to
the southern part of the boreal zone, and the climate of the region is snowy and fully
humid with a warm summer (Dbf; [24]). The average temperature in July and January is
+17.7 and -17.0 °C, respectively. The average annual precipitation is 400 mm. This is the
northernmost area of Chernozems in the Tomsk region, where these soils are sporadically
found [25,26]. The loesslike loams of the Elovskaya suite serve as parent materials. This
controls a low spatial variability of the soil properties and the relative simplicity of the
soil cover pattern [27]. Phaeozems with a leaching water regime predominate [28]. The
background vegetation at the territory of the BEC consists of polydominant meadows
with a predominance in various areas of Poa pratensis, Festuca pratensis, Dactylis glomerata,
Trifolium pratense, Taraxacum officinale, Galium mollugo, etc. (Table 1). The management
regime in most of the BEC can be characterized as mowing 1-2 times a year with periodic
cutting down of tree undergrowth.

Table 1. Botanical characteristics of background communities.

Type of Community

Botanical Characteristics and Vascular Plant Species Mowed, n=9 Non-Mowed, n =3
Med Min Max Med Min Max
Main characteristics
Number of species per 100 m? 33 29 37 37 33 39
Total projective cover, % 80 70 80 80 70 80
Species projective cover, %
Achillea millefolium L. 1 r 5 + + 1
Agrostis sp. 5 1 10 10 10 20
Alchemilla filicaulis Buser + + + -
Angelica sylvestris L. + r 1 + r +
Anthriscus sylvestris (L.) Hoffm. + + + r r r
Artemisia vulgaris L. - r r r
Betula pendula Roth + + 1 5 1 10
Bromus inermis Leyss. 1 + 3 -
Campanula cervicaria L. + r + -
Campanula patula L. + r + -
Cirsium arvense (L.) Scop. + + 1 1 + 1
Dactylis glomerata L. 5 + 40 1 1 5
Deschampsia cespitosa (L.) P. Beauv. - + + +
Dianthus deltoides L. + r + -
Elymus repens (L.) Gould + + 1 + + +
Epilobium angustifolium L. - 3 1 10
Equisetum sylvaticum L. 1 + 5 10 5 20
Euphrasia sp. - r r r
Lolium pratense (Huds.) Darbysh. + + 1 1 + 10
Fragaria vesca L. - r r
Galega orientalis Lam. r r r -
Galeopsis bifida Boenn. r r r -
Galium mollugo L. 5 1 10 1 + 3
Geum sp. + + + -
Hieracium umbellatum L. + + + + + +
Hypericum perforatum L. + + 10 + + +
Lathyrus tuberosus L. + + + -
Lathyrus pratensis L. 2 + 3 5 + 5
Leucanthemum ircutianum DC + + 3 1 1 1
Linaria vulgaris Mill. + r 1 + + +
Lupinus polyphyllus Lindl. - 1 + 1
Luzula multiflora (Ehrh.) Lej. + + + -
Myosotis arvensis Hill + r + + + +
Omalotheca sylvatica (L.) Sch.Bip & F.W.Schultz + + + r r r
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Table 1. Cont.

Type of Community
Botanical Characteristics and Vascular Plant Species Mowed, n =9 Non-Mowed, n = 3
Med Min Max Med Min Max
Phleum pratense L. 1 + 5 5 5 10
Picris hieracioides Sm. 1 r 5 3 1 5
Pilosella novosibirskensis Tupitz. 1 + 5 1 1 1
Pinus sylvestris L. + r + -
Plantago major L. + + + r r r
Platanthera bifolia (L.) Rich. r r + -
Poa pratensis L. 3 + 10 + + +
Populus tremula L. 1 + 1 1 1 1
Potentilla sp. + + + -
Prunella vulgaris L. + r + -
Ranunculus acris L. + + 1 + + +
Rhinanthus serotinus (Schénh.) Oborny - 1 + 1
Rosa acicularis Lindl - +
Rumex acetosa L. + r + -
Rumex acetosella L. r r r -
Rumex pseudonatronatus (Borbas) Murb. + r + -
Salix caprea L. 3 + 5 20 10 30
Silene vulgaris (Moech) Garcke + + + + + +
Solidago canadensis L. - + + +
Sonchus arvensis subsp. uliginosus (M.Bieb.) Nyman - + + +
Stachys palustris L. + r + + + +
Stellaria graminea L. 3 + 5 + + +
Taraxacum officinale FH.Wigg. 5 1 30 5 1 10
Trifolium hybridum L. 1 + 5 + + +
Trifolium lupinaster L. r r r -
Trifolium medium L. + + + 1 + 1
Trifolium pratense L. 3 1 40 + + 5
Trifolium repens L. 1 + 3 + + +
Urtica dioica L. + r + + + +
Valeriana officinalis L. + + + -
Veronica chamaedrys L. 1 + 5 + + 1
Veronica longifolia L. + r + -
Vicia cracca L. 5 + 20 3 1 5
Vicia sepium L. + + + + + +
Viola sp. + + + -

Designations: +—projective cover of the species is less than 1%, the species occurs sporadically; r—single
individuals with a total projective coverage of less than 0.5%; —-lack of the species in descriptions.

2.2. Sampling and Experimental Design

On the territory of the BEC in 2011 and then from 2019 to 2022 annually, controlled
burning was carried out in the experimental sites in April-May (see also Supplementary
Materials), during which the temperature of the flames was measured using infrared
cameras and thermocouples installed in the surface layer of the soil (Table 2; Figure 1). A
detailed scheme of the experimental design can be found in [18,19]. During the pyrogenic
impact, a temperature of at least 300-550 °C was recorded on the soil surface for 50-100 s.
In the areas of the experimental fires, since 2019, mowing has been excluded, excepting the
2011 fire site, where the management regime was similar with the rest of the BEC territory.
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Figure 1. Experimental sites in the territory of the BEC. (A) Scheme of the test site locations (a satellite
image of maps.yandex.ru from August 2020 (accessed on 21 March 2024) after annual mowing was
used as a background). (B) Fire site 2022, pre-fire condition in July 2021. (C) The same site on 30 April
2022, immediately after the fire. (D) The same site in July 2023. (E) Control plot with annual mowing,
July 2022. (F) Control plot without annual mowing, July 2023.

In 2021-2023, for all experimental sites, geobotanical studies were carried out, includ-
ing a description of the species composition and projective cover of plants on 1 m? plots,
complete geobotanical descriptions on 100 m? plots (on those sites where the shape and size
of the site allowed this), and the collection of above-ground phytomass on 0.25 m? plots
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(Table 2). For the 2022 fire site, data for 2021 characterized the pre-fire state of vegetation.
In all cases, plant coverage was assessed by eye as a percentage of the corresponding plot
area. Phytomass samples were sorted into agrobotanical fractions common for agricul-
tural exploitation of meadows (grasses, legumes, miscellaneous herbs, separately—total
above-ground dead phytomass; sedges were not found) and weighed in an air-dried state
(brought to constant weight at a temperature of +40 °C). Work in each field season was
carried out in the middle and second half of July (13-15 July 2021; 24-27 July 2022; 17-20
July 2023) before mowing of the background areas in the territory of the BEC. In parallel
with the current study, the influence of fires on the properties of the uppermost part of the
humus horizon of soils was assessed at the same experimental sites [26].

Table 2. Areas of experimental fires and characteristics of the geobotanical studies conducted.

Geobotanical Researches (N of Replicas)

Site Y A T Time, s M
2021 2022 2023
1 2011 300 600-750 No data a (25) a (20),c(9) a (20),c (5) +
2 2019 500 300-550 50-100 a (25) a (20), c (9) a (20), c (5) -
3 2020 30 550-750 50-100 a (10) - a(6),c(3) -
4 2021 65 500-700 150-400 a(21) a(15),c(9) a (15),c (5) -
5 2022 400 300-600 100-200 a(20),b(4) a(20),b4),c(9) a (20),b (4), c (5) -
6 (C) - - - - a(21),b(3) a(15),b(3),c(9) a(30)*b(6)* c(6) +or -

Note. Y—year of burn; A—area in mZ; T—temperature of flame near the soil surface, °C; M—annual mowing
after burn; C—control plots. Geobotanical researches: a—description of the species composition and projective
cover of species at 1 m? plots; b—complete geobotanical description at a 100 m? plot; c—collection of above-
ground phytomass at plots of 0.25 m?. * including 15 plots of 1 m? and 3 plots of 100 m? in an area without
annual mowing.

2.3. Data Processing

Data collected on plots with different ages of burning were arranged into chronose-
quence of geobotanical descriptions with fire ages from 1 to 12. At the same time, conduct-
ing the study over three seasons made it possible to combine descriptions with the same
fire age from different sites.

The collected data were analyzed according to the following criteria: species richness,
total projective cover (TPC), projective cover of tree undergrowth, reserves of above-ground
phytomass, and ratio of above-ground phytomass fractions (separately by agrobotanical
groups). The significance of the differences was determined using the nonparametric
Mann-Whitney U test with p = 0.05 selected as the threshold level. Non-parametrical
multidimensional scaling (NMDS) of the array of obtained geobotanical descriptions was
conducted in the R environment using a ‘vegan’ package [29] and standard commands.
The application of vectors of habitat parameters (species richness, TPC, age of fire, and
date of last mowing) to NMDS plot was carried out with a Bonferroni correction. All plant
names in the text are given based on the World Flora Online database [30].

3. Results
3.1. Dynamics of Species Richness and TPC

When considering small-scale plots, one can identify a slight decrease in species
richness 2-3 years after the fire, when there are 1-2 fewer species on average than in the
control plots (Figure 2). For the chronoseries of areas that burned in different years, the
differences with the control plots for 2-3 years after the fire are significant, both when
compared with communities with annual mowing, and with no mowing over the last
3—4 years. Comparing these results to the pre-fire condition for the 2022 fire site, we
observed a similar pattern. Species richness in the second year after the fire is lower, and
the difference is close to significant (p-value = 0.09).
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Figure 2. Changes in species richness (A—C) and TPC (D-F) on 1 m? plots in a chronoseries of fires
of different ages compared to control (NF) plots (mowed, (A,D); unmown, (B,E)) and on the fire
site in 2022 compared to the initial state (C,F). Notations: NF—did not burn. The whiskers on the
histogram bars are the standard deviation. Significant p-values are shown above the histograms in
red; values > 0.05 are not shown.

There is no similar strong pattern identified for TPC. The coverage decreases in the
3rd—4th year of a pyrogenic succession. However, the differences in comparison with
unmown control plots—which is more correct for this stage—are insignificant. Significantly
higher TPC values compared to the mown control plots were noted on mown sites that
burned 10-12 years ago. However, we assume that this is largely a consequence of the
special microconditions of the habitat (only one site was analyzed in all three years). For the
fire site 2022, the TPC in the first season after the fire was significantly higher than the initial
state in the last year, which, however, is not confirmed for the compiled chronoseries from
different sites. It is likely that some increase in TPC occurs in all cases, but the significance
of the increase is leveled out when sites with diverse initial TPC are compared. In addition,
the methodological imperfection of the visual assessment of TPC should be taken into
account (value increments of 10%).

The patterns observed for small-scale plots do not correspond to those observed at a
middle scale (100 m?; Figure 3). The species richness of four mid-scale plots for the first
year after the experimental fire in 2022 did not change in two cases and decreased in the
two others (-5 species); on average, this is -3 £ 3. However, in 2023, species richness
increased at all plots from +1 to +10 species per 100 m? compared to the first year after the
fire (Figure 3, A; average increase in comparison with year 2022 and initial state is +6 + 4
and +3 £ 5, respectively). At the same time, the increase in species richness is largely
expressed as compensation for the decrease in the indicator in the first year after the fire:
only one plot out of four showed a considerable increase in species richness compared to
the pre-fire state, i.e., 36 species before the fire and 46 in the second year after it. On the
contrary, in the first year after the fire, TPC increased by 10-20% (in 3 out of 4 cases). On
average, this is +13 £ 10 (Figure 3B). In the second year, it returned to its original state.
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Compared to the control plots, in the first two years after the fire, TPC and species richness
also increased (Figure 3C,D). Thus, on mid-scale plots, species richness and TPC tend to
return to their background state in the second year after a fire.

A B

8 50 100
Q
2B l@ 80 ;Zék‘%," —— Plot 1
2 8 30 = 60 —=— Plot 2
° = 20 O 49 —— Plot 3
Q3 = - Plot 4
€ 210 20
é 0 L} . T L} 0 T T T

Before fire 1 2 Before fire 1 2

Years of succession Years of succession

C D

0.04

501 T ! 100+ f
w
S 401 I 80- I r

o 1 L

2E L I <
w o 304 °~ 601
5 © S
E, P 204 g 401
£ Qo
S 104 20
=4

0 0

1-2 yr after fire No fire 1-2 yr after fire No fire

Figure 3. Changes in species richness and TPC on mid-scale plots of the site of 2022 fire: (A)—changes
in species richness compared to the pre-fire state; (B)—changes in TPC compared to the pre-fire state;
(C)—change in species richness compared to the control plots; (D)—changes in TPC compared to the
control plots. Notations as in Figure 2.

3.2. Impact of Fires on Reforestation

In boreal ecosystems, meadow communities developed as a result of deforestation
have a tendency to self-reforest immediately after, excluding anthropogenic influence
(plowing, grazing, mowing, etc.). In experimental areas where mowing was excluded after
the fire, the coverage of woody undergrowth (represented by Betula pendula, Populus tremula
and Salix caprea) increased during the study period (Figure 4). In the first two years after
the fire, undergrowth coverage was significantly lower in unmown burned sites than in the
mown control plots. In the third or fourth year, the difference disappeared (Figure 4A). In
the fifth year, active regeneration of undergrowth on experimental sites lead to a significant
increase of its coverage in compare with the annually mown control plots. In this case, the
coverage values on experimental plots correspond to those noted for the BEC meadow
communities unmown over the past 3—4 years (Figure 4B). Thus, at the level of small-scale
plots, the suppressive effect on tree growth is more pronounced for recent (1-2 years) fires
than for mowing.

For mid-scale plots, however, the opposite pattern is observed. The 2022 fire did not
result in a decrease in undergrowth coverage compared to the condition of the same plots
before the fire. On the contrary, over the course of two years there has been an increase
in the coverage of undergrowth at all plots at an approximate rate of 10% of the plot area
per year (Figure 4D). When compared with control plots, undergrowth coverage on this
experimental site was significantly higher than in mowed meadow and significantly lower
than in unmown meadow (Figure 4E). Thus, at the mid-scale plot level, the suppressive
effect on tree growth is less pronounced for recent (within 1-2 years) fires than for mowing.
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Figure 4. Dynamics of tree undergrowth projective coverage on small-scale plots for fires of different
ages (A—C) and on mid-scale plots for a fire in 2022 (D,E): A—changes of undergrowth TPC in com-
parison with mown control plots; (B)—changes of undergrowth TPC in comparison with unmown
control plots; (C)—occurrence of undergrowth (% of total cases); (D)—dynamics of undergrowth TPC
in comparison with the initial state; (E)—dynamics of undergrowth TPC in comparison with control
plots. Notations are as in Figure 2; NFM —control plots with annual mowing, NFENM—unmown
control plots.

3.3. Dynamics of Aboveground Phytomass

Spring fires consume most of last year’s dead phytomass (Figure 5; p < 0.001). The
decrease in green phytomass in the first year after the fire is within the range of variations
in phytomass (p = 0.48). At the same time, the restoration of both live phytomass and dead
phytomass to the control plots was noted in the second growing season. Further fluctuations
in above-ground phytomass can be explained by the local conditions of the experimental
sites and succession processes on unmown areas. At the same time, in unmown areas the
ratio of live phytomass and dead phytomass continues to change, and on mown areas
(control plots and an experimental site of 2011 fire) the ratio of these indicators remains
approximately the same.

Spring fire affects primarily the phytomass of grasses, which significantly decreases in
the first year after the fire (Figure 6; p = 0.003) while maintaining the average phytomass
stocks of other fractions at the background level. At the same time, in the second or third
year, the reserve of the grasses restores to control values and may even exceed them. Starting
from 4 years after the fire, the proportion of miscellaneous herbs (forbs) increases. This
dynamic also demonstrates the restoration of the ratio of fractions to a level corresponding
to the control plots in the second year after the fire.
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tomass; (C)—dead phytomass; (D)—ratio of live and dead phytomass during succession. NF—mown
control plots.
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Figure 6. Dynamics of aboveground phytomass of grasses, legumes and miscellaneous herbs in the
experimental sites and in mown control plots (NF) of the BEC.

3.4. Non-Metrical Multidimensional Scaling (NMDS)

The results of NMDS of the data from small-scale plots (1 m?) and mid-scale plots
(100 m?) are shown on Figure 7. Points on the ordination plane correspond to geobotanical
descriptions, placed according to the similarity of its species composition; half-changes of
plant communities are measured along the axes. The vectors correspond to the direction of
growth of habitat parameters in the array of geobotanical descriptions.
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Figure 7. NMDS of geobotanical data (plant species composition): (A)—for 1 m? plots grouped by
time since fire with overlay of vectors of changes in description parameters (stress level is about
0.23); (B)—the same graph with the centroids of the groups, centroids are marked with numbers
according to their order in legend; (C)—for 100 m? plots at the 2022 fire site and control plots with
the imposition of abbreviations of plant species names (the age of the fire on the site for control plots
is conditionally set as 20 years; stress level is 0.14-0.16); (D)—stress plot for figures (A,B); (E)—stress
plot for figure (C).

Descriptions of the meadow community on the BEC do not cluster in NMDS, being
more or less evenly distributed along the ordination plane. Grouping descriptions by age
of the fire, it is possible to identify some isolation of descriptions up to and including
3 years after the fire, with group centroids located close to each other. Descriptions of
sites 4-12 years after the fire (groups 4-6 in Figure 7B) are more consistent with the pool
of descriptions of unburnt control plots (group 7 in Figure 7B). The age of the fire (vector
Fire_age) is largely aligned with the growth vector of TPC and the growth vector of species
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richness per 1 m? (Spec_count). It indicates an increase in the quantitative values of these
characteristics on the scale of 1 m? plots during pyrogenic succession.

At the same time, the NMDS of data from 100 m? plots for 2022 fire site (Figure 7C), in
which we can compare the current pre- and post-fire state of the same sites, demonstrates
in general a less significant impact of the fire on the composition of phytocenoses. In the
first growing season, the location of the group of descriptions is similar to pre-fire. In
the next season, it shifts towards an increase in species richness and the appearance of
large meadow weeds (Hieracium umbellatum, Solidago canadensis, Sonchus arvensis subsp.
uliginosus, etc.) and meadow-edge species (Angelica sylvestris, Anthriscus sylvestris, etc.),
which can be interpreted as a result of the lack of mowing and the beginning of successional
processes of replacing the meadow community with forest. Further analysis of NMDS
diagrams is placed in the following Section 4.

4. Discussion

Our study showed that the negative impact of a single spring fire on species richness
was more pronounced for small-scale plots for 3 years after burning. This involves, first of
all, a decrease of species richness (in average 1 species less per 1 m?), and its restoration
to background level in the 4th-5th years can be explained not only with the restoration
of meadows after fires, but also with successful reforestation in the absence of mowing
that leads to the appearance and increasing role of forest-edge species. Similar results were
obtained for meadow communities on mountain slopes in southwestern Germany [31].
After prescribed burning there, a gradual increase in the number of species (2 or 3 species
more on average) per 1 m? during the following 3 years was reported. More significant
fluctuations in species composition can be caused not only by differences in observed
communities, but also in the research methodology: prescribed burning was carried out
in the middle of winter [31], which is impossible in the snowy humid climate of Western
Siberia. As numerous authors have pointed out [7,32,33], fire seasons play an important
role in consequences for plant cover.

TPC seems to be more stable characteristic, even for the first season after the fire.
Restoration of a Lithuanian meadow lasted 46 days after a spring fire [34]. At the same
time, the rate of recovery is directly affected by the amount of precipitation [34,35]. These
data are consistent with ours. In 2021 and 2022, we noted the restoration of the TPC of
vegetation progressed to background level in 2.5 months after the fire, which was facilitated
by the humid climate of the region, with a sufficiently large amount of precipitation in
May-June. The slight increase of TPC in the 4th-5th years also can be explained with
reforestation, as in the case of species richness. On the mid-scale 100 m? plots (more
often used in geobotanical studies at least in in countries of the former Soviet Union), the
negative impact of fires is much less pronounced, and the differences from the control
plots are insignificant. However, we should note that the size of a fire can also impact the
characteristics of plant communities and time of restoration after the fire. Thus, our results
may be more applicable to relatively small-scaled fires.

The observed rapid restoration of vegetation cover after fires in treeless communities
may be possibly related to the climate of the area, especially with the increasing continen-
tality. We have previously noted research that claims fairly rapid restoration of meadow
vegetation after a fire in the boreal forest zone of the northern hemisphere [34], which is
consistent with our data. Semi-natural grasslands in the Mediterranean climate of Europe
also restore quickly after fire [36,37]. At the same time, in the steppes of the Republic
of Tuva (southern Siberia, 700 km to SE from the BEC) [32], the restoration period for
vegetation was 46 years, and the structure of vegetation after a fire changed less in the
meadow steppes (the most northern type of steppes, typically having conditions of higher
moisture). In the even more arid communities of the desert steppes in Kalmykia [38] and
northern deserts in western Kazakhstan [39], fire leads to changes of subshrub communi-
ties to communities with the predominance of turf-grasses, and the period of pyrogenic
succession of vegetation at least exceeds 10 years.
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Fires are often considered as one of the key factors in maintaining the species composi-
tion and structure of treeless communities, including meadows, by preventing the regener-
ation of woody vegetation [1,40]. However, in southwestern Germany, J].G. Goldammer
and H. Page [31] found the insufficient effectiveness of prescribed burning to maintain
meadows and inhibit reforestation in the long perspective, although a 2-3-year period
of burning was capable of delaying the reforestation at an early stage. Additionally, it
was reported that the best options for maintaining temperate meadows in Scandinavia
are periodic mowing and moderate grazing, while annual burning significantly reduced
species richness over several years and caused successional changes that are untypical for
mown and grazed areas [41,42]. In another three-year experiment carried out in temperate
grasslands in Scandinavia, mowing had a beneficial effect on plant species diversity, while
in areas exposed to spring fires, the number of species did not differ significantly from
that observed in fallow areas [43]. Similarly, burning did not increase species richness in
the experiment conducted in North America [44]. The effect of fire on plant biodiversity
can obviously vary for communities in different edaphoclimatic conditions. For example,
an obvious increase in species richness after the fire was noted in semi-natural grasslands
in the Mediterranean [37] and Japan [45]. Although we identified a significant decrease
in species richness in the first years after the fire for small-scale plots, this decrease of an
average of 1-2 species can hardly be called considerable. At the same time, our data did not
reveal a significant effect of mowing on the species richness of the BEC meadows. However,
due to the limited scope of our study, we cannot exclude the influence of other factors
on the composition of the studied communities such as, for example, vicinism with the
introduction of diaspores from neighboring areas [46].

The pyrogenic dynamics of meadow communities in Siberia currently remains poorly
studied, despite the prevalence of forest fires in the region and their large scale. However,
individual publications make it possible to evaluate the quantitative values of the yielding
capacity of the communities under consideration in comparison with other meadows in
the region. For meadows of the Priob forest-steppe in the Novosibirsk region (bordering
the Tomsk region where the BEC is located), the reserves of above-ground phytomass with
temporary conservation and light agricultural use are 420-530 g/m? [47]. This corresponds
to the yielding capacity of both the background communities of the BEC territory and the
experimental sites in the second year after a fire. For floodplain meadows on the Ob River
in the area of the Tomsk carbon polygon “Kaibasovo”, on average, slightly lower values
of above-ground phytomass are given (300-400 g/m?) [48]. Meadow communities of the
Nazarovskaya Depression (300 km to East) in the Krasnoyarsk Territory bordering the
Tomsk region are also characterized by lower yielding capacity, averaging 250-350 g/m?,
but in some areas reaching 500 g/m? [49]. Thus, the yielding capacity of the studied
communities is restored relatively quickly (in the second growing season after the fire) to
background values. This is indirectly consistent with the opinion of Heinl et al. [50] that a
positive effect of a single fire on biomass growth is more typical for poor habitats, while in
nutrient-rich habitats (such as the chernozem in our study), this is practically not observed.

NMDS analyses show some difference of results for the 1 m? and 100 m? plots. It is
worth noting that for 1 m? plots, the vectors of fire age, species richness, and TPC are almost
co-directed, while for 10 x 10 m plots, the vectors of fire age and species richness are almost
oppositely directed, and the TPC vector is orthogonal to the fire age vector. Partly, the
differences between small- and middle-scale plots in the direction of the species richness
and TPC vectors relatively to the fire age vector might be explained by the imprecision of
fire age labeling in control plots (20 years has been established as the approximate age of
the availability of detailed photographs on the territory of the BEC). At the same time, as
described above, the decrease in species richness after the fire and the further dynamics of
its growth are more clearly expressed on small-scale plots than on mid-scale plots.

Some inconsistency in the results obtained for small-scale plots and mid-scale plots
(for example, regarding the timing of restoration of species richness or suppression of
tree growth) may, on the one hand, be due to the difference in the significance of factors
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influencing the species composition of communities when using plots of various sizes.
In view of this, for example, for geobotanical studies of European meadows Chytry and
Otypkova [51] recommended plots of 16 m? in size, intermediate in relation to ours. At the
same time, the observed differences in the effect of fire on different scales can be explained
by natural causes. Due to the relatively low intensity and transience of grass fires, small
unburnt patches remain in the burnt area (see Figure 1C). Therefore, at the mid-scale,
we observe an increase in the heterogeneity of site conditions and, as a consequence, an
increase in species richness in the second year. At the same time, a small-scale plot is more
likely to describe a section of the territory where the vegetation has completely burned
out, so the decrease in species diversity caused by fire is more noticeable. The lack of
influence of fire on tree undergrowth in mid-scale plots for 2021-2023 can be explained in
the same way.

Our results allow us to discuss the advisability of periodic—but not annual—prescribed
grass burning in the spring as a method of grassland management in the region under study.
According to the results of the analysis of mid-scale plots, spring burning of meadows
seems to be a less effective method of reducing the cover of tree undergrowth compared
to annual mowing. This is consistent with the findings of studies of grasslands in Scandi-
navia [42,43]. According to the results of the experiment by Halpern et al. [45], to maintain
the long-term existence of meadows, periodic cutting down of trees without burning the
territory is sufficient. This result is also confirmed by the existing practice of periodic
cutting of undergrowth at the BEC. However, due to labor costs, this practice is unlikely
to be applicable for large areas. Our results for small-scale plots, indicating a significant
lower coverage of undergrowth in burned areas in the first 2 years after a fire, suggest that
the prescribed fire method is not meaningless for controlling tree undergrowth if mowing
is impossible or inappropriate. However, in this case, it is necessary to establish intervals
between burnings that allow the characteristics of meadow vegetation to be restored.

Our study reveals a high tolerance of Siberian meadows to fire impact that was
poorly discovered before, and our data are comparable with other pyrogenic studies in
meadow communities in boreal forests. The “pyrogenic fingerprint,” in most parameters of
communities in our study, such as species richness, TPC, and above-ground phytomass
of the community, persists for no more than 1 year for mid-scale plots and no more than
3—4 years for small-scale plots; based on the ratio of phytomass fractions, one can also
assume a 3—4-year recovery period for the community. Thus, the null hypothesis is only
partially confirmed, since the restoration of vegetation parameters in the second season
is typical only for the mid-scale plots. However, in total, based on the results of our
experiment, the impact of single fires on the meadow vegetation of Siberia at the cenotic
and subcenotic levels can generally be considered insignificant. This corresponds with
the opinion of ].M. Greele and J.H. Langenheim [52] that in fire-dependent communities a
single fire should not be regarded as a factor of disturbance, although with an increase in
the frequency of fires it may become so. Heinl et al. [50] also reported that single fires have
little effect on species composition and projective cover. However, we should mention that
both studies involved communities of biomes that significantly differ from ours.

The recovery period for the main characteristics of meadow communities, according
to data for mid-scale plots in the second year after a fire, correlates with the traditional
two-year period of prescribed fires [53]. At the same time, our data indicate that to restore
some characteristics of vegetation in burnt areas (in particular, species richness, the ratio of
phytomass fractions, and the participation of undergrowth in the vegetation cover), a period
of 3—4 years is required. This is consistent with known data for other treeless communities,
such as Mediterranean heathlands [54] or wetland communities [55,56] and mountain
grasslands in North America [45]. Gordjin and O’Connor [53] support these findings by
emphasizing that to achieve the greatest biodiversity with the traditional two-year burn
period, it is necessary to maintain sites with longer intervals between burns within the
treated area. This regime of prescribed fires seems to be the gentlest for biodiversity and,
therefore, the most appropriate based on the results of our study.
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5. Conclusions

It was established that a single controlled spring fire on the territory of the BEC did
not significantly change meadow vegetation. The period for the restoration of vegetation
coverage indicators ranged from 1 to 3—4 years after a fire. Most of them restored in the
second growing season. The differences between burned and unburned plots were visible
for longer in small-scale plots than in mid-scale plots. In other words, these differences are
expressed for longer at the subcenotic level than at the cenotic level.

This allows us to consider periodic spring fires as a tool for maintaining meadow
communities where it is necessary; that is, in conditions where forest regeneration is not
suppressed by mowing or grazing. However, a necessary condition for such management
practices is compliance with the intervals between burnings.

6. Patents

The array of raw geobotanical data collected in this research was registered as patent
No. 2024620154 (registered 12 January 2024) with the Russian Federal Service for Intellectual
Property (Rospatent).
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