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*  We observed more rapid vegetation recovery at the ground level, but the dominance increased
more steadily at herb and tree layers.

*  We found the highest species diversity at the herb layer during the third (middle-aged stands)
and fourth (over-mature stands) years after fire disturbance.

*  From regenerating tree species, only Populus tremula in over-mature stands showed a decline
in projective cover during the four studied years.

Wildfires as natural disturbances have had important impacts on terrestrial ecosystems, includ-
ing forests. We studied patterns of short-term vegetation recovery after surface fire in protected
hemiboreal Pinus sylvestris L.-dominated forest. Our study was carried out near Stikli village in
Western Latvia. Seven forest stands — middle-age and over-mature were sampled on nutrient-poor
and mesic soils. Forest fire occurred in the summer of 2018 and covered 1440 ha of forested area.
In each stand we established 16 sample plots (1 m X 1 m) in a radial pattern from the center. Every
summer from 2019 till 2022 we surveyed these sample plots — recorded projective cover (%)
and identified Ellenberg indicator values and species traits — plant strategy groups (C-S-R after
Grime), Raunkizr life history forms and habitat types. Additionally, the occurrence of specialized
fire-adapted plants was recorded. In total we identified 15 species in the ground layer, 47 species
in the herbaceous layer, and 9 regenerating tree species. The colonization at the ground layer was
the most rapid (projective cover increased overall by 67% in middle-aged stands and by 82% in
over-mature stands). Species diversity was the highest at the herb layer during the third (middle-
aged stands) and fourth (over-mature stands) after fire disturbance but showed overall declining
trends. Betula spp. and Populus tremula L.-dominated regenerating tree species. The dominance
of fire-adapted species declined rapidly after the fire except for moss Polytrichum spp. Overall,
hemiboreal over-mature stands demonstrated higher vegetation cover and more rapid rate of initial
colonization compared to middle-aged stands.
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1 Introduction

Fire is one of the most fundamental agents of ecological disturbances globally (Krebs et al.
2010; Vila-Cabrera et al. 2012; Yin et al. 2024). Wildfires as natural disturbances have impacted
terrestrial ecosystems where they shape ecological and evolutionary changes. However, wildfire
regimes have been changing all over the world (Doerr and Santin 2016; Pausas and Keeley 2019)
and wildfires occur more often, affected by human activity. Wildfires in forest ecosystems are
increasing due to climatic changes (through longer fire seasons, reduced rainfall and increased
drought frequencies), with greater numbers and intensity expected in more locations (Pausas and
Keeley 2019; Gajendiran et al. 2024). For instance, boreal forests are largely dependent on severe
wildfires to shape natural disturbance regimes (Johnson et al. 1998; Hart et al. 2019). In natural
ecosystems where fire is the main disturbance agent, it is expected to see changes in vegetation
structure, composition, and ecosystem processes (Bond and Keeley 2005). The lack of fire dis-
turbance may cause the accumulation of fuel, thus altering the existing fire regime (Johnson et
al. 2001; Thompson et al. 2017).

During the post-fire vegetation recovery, succession changes the species composition and
structure at all levels of vegetation vertical structure (Ryan 2002; Lydersen et al. 2016). The suc-
cession after disturbances is largely dependent on local environmental conditions or on the interac-
tion between disturbances other than fire (Peeler and Smithwick 2021). In such places species are
occupying distinct niches in a post-fire succession regime, appearing at specific spatial and temporal
scales. It is also known that the lack of fire in the longer term might cause extinction of species
dependent on fire disturbance, for instance particular tree species (Tingley et al. 2016; Karavani
et al. 2018). However, the number and size of fires, and forest type in landscape constitute the
frequency of fires (Angelstam 1998), but stand structural changes, species composition and tree
mortality are characteristics of fire intensity (Bessie and Johnsson 1995).

Studies have shown that in boreal forests the early phase of post-fire succession determines
the trajectory for vegetation recovery in the long term, and the first three years are critically impor-
tant (Boulanger et al. 2018; Dawe et al. 2022). Immediately after the wildfire, the competition
in forest plant communities is altered due to the mobilization of nutrients, which support plant
growth (Khapugin et al. 2016). Specific trajectories of vegetation recovery are influenced by the
persistence of soil seed bank, nutrients retained in soil after fire, climatic conditions, and other
factors (Brown and Johnstone 2012).

Initial conditions for the regrowth of vegetation after fire disturbances are determined by
forest type, frequency, and severity of disturbances (Hislop et al. 2019). However, there is no
strong link between fire regime and forest biodiversity (Granstrom 2001) and local conditions are
important in post-fire succession (Driscoll et al. 2010). Early successional post-fire vegetation is
generally less fire-prone compared to the later seral stages and thus provides negative feedback for
the build-up of the new fire cycle (Tepley et al. 2018). The typical boreal species are well adapted
and highly resistant to the dynamics of natural disturbances in the forests. Pinus sylvestris L., for
example, has an evolutionary adaptation to low- and medium intensity fires in the form of thick
bark on the lower trunk (Kuuluvainen 2002).

Vegetation recovery after fires in hemiboreal and boreal forests have been studied mostly
over longer periods using chronosequences (Parro et al. 2015; Orumaa et al. 2023). Studies of short-
term dynamics of vegetation recovery mostly utilize remote sensing methods (Meng et al. 2014;
Fernandez-Guisuraga et al. 2023), however, only on-field vegetation survey can provide adequate
data on rapid developments after fire disturbance and characterize the patterns of succession in
more detail (Erdés 2014; Kibler et al. 2019) and allows to understand species and community
dynamics (Clarke et al. 2014).
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Despite fire suppression measures, forest fires still occur, including inside protected areas
(Ananyev et al. 2022; Wang et al. 2022). The occurrence of wildfires in the Nordic-Baltic region
has decreased steadily during the last century due to suppression and large-scale atmospheric
circulation patterns (Wallenius 2011; Drobyshev et al. 2012; Donis et al. 2017). For instance,
the annual burned area in Latvia for past 10 years have been just 730 ha (State Forest Service
2021), and, on average 75% of wildfires were initiated as results of unattended actions (approx.
75% cases), intentional burning (approx. 12% of cases), while 10% of cases the origin of wild-
fire is unknown (Central Statistics Bureau 2023). The largest wildfire for past 25 years in the
territory of Latvia occurred in the Northern part of Latvia in 2018 when the burnt area was
1550 ha. The largest proportion of affected area falls into the territory of nature reserve “Stikli
Mires”, where in some places fire severity (deep burning or crown fire) was very high on peat
and mineral soils.

Our aim was to analyse patterns of natural post-fire vegetation recovery in hemiboreal forests
on mineral soils in protected forests. This entailed several objectives: 1) collect vegetation survey
data across four years in 112 sample plots; 2) extract patterns of vegetation recovery at ground
and herb layers and for regenerating tree species; and 3) analyse differences between mature and
over-mature Pinus sylvestris-dominated stands. In this study, we examine initial, short-term vegeta-
tion regeneration, focusing on species dynamics and using projective cover and plant functional
traits as our main variables. Our established permanent study plots inside protected forest were
unaffected by salvage logging.

2 Materials and methods
2.1 Study area

Our study area is located in the Northern part of Latvia (Fig. 1), which is a part of the hemiboreal
vegetation zone (Ahti et al. 1968). The large wildfire occurred here in mid-late July 2018 when the
area of 1550 ha burnt out of which approx. 1440 ha were forests and approx. 110 ha were mires
and raised bogs. The largest part of the burnt area falls inside the Stikli Mires nature reserve, which
is also a part of the Natura 2000 site of the same name. In the wildfire episode, a severe ground
fire killed most trees, leaving only some live trees, mainly Pinus sylvestris. The total area of Stikli
Mires nature reserve is 7244 ha; the reserve also contains boreal forests on peat and mineral soils,
mires, raised bogs, lakes and small streams. The mean annual temperature of the area is 6 °C for
the 2013-2023, and the mean annual precipitation for this period was approx. 683 mm with the
majority of it during the summer months (Briede 2024).

Our study sites (Fig. 2) fall into the territory of the nature reserve Stikli Mires. All sampled
stands are dominated by Scots pine (Pinus sylvestris) with an admixture of birch (Betula pendula
Roth and Betula pubescens Ehrh.) and Norway spruce (Picea abies (L.) Karst.). Sample plots are
established on nutrient-poor and mesic Vacciniosa and Vaccininioso—sphagnosa forest types (clas-
sification according to Buss (1997) (Table 1)).
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Fig. 1. The location of study area (A) and sampling design of the sample plots per each study site (B).

Fig. 2. Vegetation recovery after wildfire in Northern Latvia study sites dominated by Scots pine (Pinus sylvestris)
(photo: Liga Liepa).
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Table 1. Main characteristics of studied burned stands (n = 7).

No. Coordinates Forest site type* Stand age (2019)
1 57329 N; 22272 E Oxalidosa 67
2 57329 N; 22271 E Vaccinioso-sphagnosa 67
3 57.327N; 22270 E Vacciniosa 157
4 57.327N; 22.268 E Vacciniosa 157
5 57.326 N; 22.268 E Vacciniosa 64
6 57.326 N; 22.270 E Vaccinioso-sphagnosa 157
7 57.325N;22.267 E Vacciniosa 167

* Forest types according to Buss (1997).

2.2 Data collection

The permission No. 3.15/454/2019-N from the Nature Conservation Agency was obtained for
data collection inside the nature reserve. A total of seven stands, each about 3—5 ha, were selected
as experimental study sites. Three stands were 64—67 years old (further — middle-aged stands)
and four stands were 157-167 years old (further over-mature stands) (Table 1). In each stand 16
square-shaped permanent vegetation sampling plots (I m?) were established. Sample plots were
established sequentially in the direction of following compass (at 0°, 45°, 90°, 135°, 180°, 215°,
270° and 315° degree transects), but were moved aside positions if there osculated with downed
logs or large stumps. For each direction transect two permanent sample plots were established,
respectively 11-12 m and 23-24 m from the center point. In total 112 sample plots in the seven
stands were surveyed in 2019, 2020, 2021 and 2022 during the vegetation season (July and August).

The vegetation projective cover (%) was recorded at three main vegetation layers — ground
layer, herb layer and additionally for regenerating trees. The projective cover was measured for
each layer separately. The projective cover (expressed in percentage of cover) was recorded for all
species of vascular plants, dwarf shrubs, shrub, and tree species up to height 1.5 m in the field layer
and that for mosses in the ground layer. The inventory of vegetation was performed by the same
person each year to avoid alterations of the measurements. The sample of undefined species were
collected and later identified in laboratory. The nomenclature of vascular plants follows Gavrilova
and Sulcs (1999) and that for bryophytes Aboltina et al. (2015).

In each study site four separate, circular sample plots were established (radius 5.64 m,
100 m? in total) at 0°, 90°, 180°, 270° where all tree seedling species were recorded in terms of
projective cover (%).

Species trait characteristics of vascular plants were extracted from trait databases LEDA
(Kleyer et al. 2008) and BIDS Ecoflora (Fitter and Peat 1994). We classified plants using trait char-
acteristics into plant strategy groups (C-S-R) (Hodgson et al. 1999), Raunkizr life history forms
(Cain 1950), dispersal agents of plant seeds and spores and habitat types by referencing them to the
corresponding categories. Habitat types included boreal, meadow, nemoral, nitrophilous, pine-forest
and water-swamp species. We also classified the plant species into the following traits: Sphagnum
mosses, feather mosses, other bryophytes, hepatics, tree and shrub seedlings and saplings, dwarf
shrubs, herbaceous plants, ferns, grasses, and sedges. We characterized the dominance of plant
trait characteristics using projective coverage for each species.

Plant indicator values for environmental factors such as light, moisture, soil pH and tem-
perature were extracted from Ellenberg indicator scales (Ellenberg et al. 1992). The indicator
numbers were computed using projective coverage for each species. The occurrence of specialized
fire-adapted plants was recorded in terms of projective coverage in sample plots.
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2.3 Data analysis

We used Microsoft Excel for data collection, processing, production of charts and calculating
average values. Shannon-Wiener Diversity Index (H) was calculated in Excel (Eq. 1) based on
the projective cover of each species at each vegetation layer. To calculate H values, we combined
all sample plots for middle-aged and over-mature stands at each year and calculated the relative
proportions from the projected cover of each species.

H=-Y% pilnp (1)

where:
pi = proportion of total projective cover by species i (decimal).
S = number of species.

R 4.4.0. (R Core team 2023) was used for statistical analyses, packages Base R and ggplot2.
The Shapiro-Wilk test was used to test the distribution analytically and quantile-quantile (Q-Q)
comparison plots to assess distributions visually. We used Wilcoxon rank sum test with continu-
ity correction to test for significant differences in projective cover between successive years and
between projective cover values by forest age groups.

3 Results
3.1 Vegetation projective cover

Generally, the projective cover was the lowest for trees and quite similar between ground and herb
layers. When middle-aged and over-mature stands were characterized side-by-side, we found the
most pronounced disparities for trees, where much higher variance in projective cover was present
in over-mature stands. At ground and herb layers the variance in projective cover increased with
the years since fire, especially at the herb layer.

3.1.1 Ground layer species

A total of 15 different bryophyte species (listed in Supplementary file S1, available at https://doi.
org/10.14214/sf.24046) were found during the inventory. The differences in projective cover varied
by the stand age group and increased with a period after fire (Fig. 3). Four years after the wildfire,
we found that coverage of ground layer species increased in over-mature stands, but in the fourth
year of inventory ground layer coverage slightly decreased in middle-aged stands (Fig. 3).

At the ground layer we recorded similar patterns of vegetation recovery in middle-aged and
over-mature stands (Fig. 4). Feather moss and Sphagnum comprised the smallest coverage frac-
tions, followed by hepatics and other moss species. The latter category was the most dominant in
terms of projective coverage, reaching 17-35% in middle-aged stands and 19—41% in over-mature
stands, and had the highest rate of increase during the first two years (for middle-aged stands) and
the first year (for over-mature stands).

Colonization and rapid coverage increase of pioneer moss species showed clear differences.
The most abundant species just after wildfire in both age groups were other mosses (Pohlia nutans
(Hedw.) Lindb., Funaria hygrometrica Hedw. and Ceratodon purpureus (Hedw.) Brid.) and hepatics
(Marchantia polymorpha L.). Also, during the second year the colonization of Polytrichum spp.
has increased in over-mature stands, which was still high even after four years.
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3.1.2 Herb layer species

A total of 58 herb layer species were recorded during the period of inventory. Vegetation re-growth
was primarily initiated by herbaceous plants, for instance, Chamaenerion angustifolium L. was
commonly found. Both middle-aged and over-mature stands showed the coverage increases even
after four years after the disturbance. Four years after the wildfire the average projective cover in
over-mature stands was 81.5% whereas in middle-aged stands — 71%. In the period of four years
the coverage increased by 41% in middle-aged stands and by 38% in over-mature stands (Fig. 5).

In both middle-aged and over-mature stands (Fig. 6) herb layer was dominated by dwarf
shrubs (up to 30% and 35% cover, respectively). Dwarf shrubs like trees and ferns showed steady
increases in projected cover during the four years since the fire disturbance. The dominance of dwarf
shrubs was more pronounced in middle-aged stands compared to over-mature ones. Middle-aged
stands also had much higher grass cover (up to 12.6% vs. 1.7%) and lower tree cover (16.5% vs.
31.6%) compared to over-mature stands.
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Fig. 5. Boxplots showing the median and the spread of the data with outliers of vegetation projective

cover (%) for herb layer during four years after fire in sample plots (n = 112). MA — middle-aged stands,
OM - over-mature stands.
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In over-mature stands dwarf shrubs and trees made up combined 40-50% of projective cover
(mostly Vaccinium myrtillus L., Vaccinium vitis-idaea L. and Vaccinium uliginosum L.). Only two
groups (sedges and plants) showed a decline during the four years of observation, for example,
sedges in middle-aged stands decreased in cover during the fourth year from 1.8% to 0.8% (Fig. 6).

3.1.3 Tree species regeneration

A total of 9 tree and shrub species were found in sampled plots. The projective coverage of the
four most prominent tree species — Betula spp., Populus tremula L., Pinus sylvestris and Salix
spp. is shown in Fig. 7.

Young Betula spp., and Populus tremula trees were the most dominant by projective cover,
reaching over 15% and over 10%, respectively (reaching up to 1.5 m in height). The overall tree
cover was notably lower in middle-aged stands compared to over-mature ones (Fig. 8). Interest-
ingly, Betula spp. gained the highest projective cover over other species only during the fourth
year (in a case of middle-aged stands) and third year (in over-mature stands).
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Fig. 7. Projective cover (%) by regenerating tree species in the middle-aged and over-mature stands (n = 112). Standard
errors are shown.
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All species of regenerating trees generally showed increasing trends, except for Populus
tremula in over-mature stands, which showed steadily declining projective cover with every year
(from 11.4% during the first year to 6.7% during the fourth year).

3.1.4 Ellenberg indicator values

Ellenberg indicator values were determined for analysed plant communities during the four years
since the fire event (Fig. 9). Differences in temperature values between middle-aged and over-
mature stands, which were notable during the first year after the fire, evened out during the third
year. Ellenberg pH values, which were generally low overall, did not show much change or dif-
ferences between stand age groups.

Ellenberg continentality values were initially very similar, drifted apart during the four
years since the fire event, with middle-aged stands having slightly higher continentality values. As
expected, light indicator values were generally high, and the higher values in over-mature stands
(6.5 vs. 5.7 in middle-aged stands) evened out with middle-aged stands during the fourth year.
Ellenberg moisture and nitrogen values showed similar dynamics with generally declining trends
and middle-aged stands having the higher values compared to over-mature stands.

10
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3.2 Plant functional groups
3.2.1 CSR strategies

Plants corresponding to different types of life strategies (C-S-R model: competitors, stress-toler-
ators and ruderals) formed two distinctive groups (Fig. 10). One group showed rapidly increasing
projective cover for C-S, C and C-R type species (middle-aged stands) or C-S and C type species
(over-mature stands). The other contained the rest of the species corresponding to C-S-R and S type

11
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Fig. 10. Changes in vegetation projective cover (%) by C-S-R strategies during four years after fire in sample plots
(n=112). Standard errors are shown.

species and their overall dominance remained low. The biggest difference between middle-aged
and over-mature stands was in the dominance of C-R species, which was negligible in over-mature
stands.

Our results show that as succession progresses, species dominance generally increases.
It’s interesting that in middle-aged stands C type species overtook C-R type species after during
the third year after fire event. S type species comprised the smallest projective coverage in both
middle-aged and over-mature stands.

3.2.2 Raunkicer life forms

The dynamics of post-fire vegetation recovery, expressed in the form of life-forms (after Raun-
kizer) indicated the dominance of phanerophytes — for both middle-aged and over-mature stands
(Fig. 11). Phanerophytes reached the cover of over 40% during the fourth year since fire event and
also had the most rapid increase in projective cover among the life-forms in middle-aged stands.
In over-mature stands, phanerophytes increased the projective cover more rapidly after the first
year and reached the cover of 66% during the fourth year after fire.

The lowest projective cover (%) was found for therophytes like Melampyrum pratense L. in
middle-aged stands and helophytes like Carex sylvatica Huds. in over-mature stands. Geophytes,
for example Epilobium spp. in middle-aged stands were the only group which showed a decline
during the fourth year since the fire.

50 50

Middle-age Over-mature

40 40
g 0 . g o —0—Geophyte
§ g — § ——Helophyte
§ 20 53) 20 ~&—Hemicryptophyte
% % Hemiphanerophyte
Y L
E 10 E 10 —<Phanerophyte

0 0 —O—Therophyte
1 2 3 4 1 2 3 4
-10 -10
Years since fire Years since fire

Fig. 11. Changes in vegetation projective cover (%) by Raunkiar life forms during four years after fire in sample plots
(n=112). Standard errors are shown.
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Fig. 12. Changes in vegetation projective cover (%) by plant ecological groups during four years after fire in sample
plots (n = 112). Standard errors are shown.

3.2.3 Ecological plant groups

Grouped into plant ecological groups, post-fire vegetation dynamics highlighted boreal species
as the most distinct and dominant type (Fig. 12), especially Vaccinium myrtillus and Populus
tremula. For the rest of the groups, the increase in projective cover was more modest and differ-
ences between age groups — more pronounced. For instance, meadow species like Molinia caerulea
(L.) Moench had the second-highest cover in middle-aged stands but for over-mature stands it was
species belonging to water-swamp group. The remaining groups showed similar dominance in both
middle-aged and over-mature stands.

3.2.4 Seed dispersal agents

In the dynamics of post-fire vegetation recovery, seed dispersal strategies for plants are an impor-
tant factor (Fig. 13). Our results showed that both in middle-aged and over-mature stands wind
(Betula spp., Chamaenerion angustifolium and others) and birds (Vaccinium myrtillus and others)
are the major seed dispersal agents, combining for 67% and 80% of respective projective cover of
corresponding plants. The cover of other types of plants remained negligible.
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Fig. 13. Changes in vegetation projective cover (%) by seed dispersal agents during four years after fire in sample plots
(n=112). Standard errors are shown.
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Fig. 14. Changes in vegetation projective cover (%) of four fire-adapted species during four years after fire in sample
plots (n = 112). Standard errors are shown.

3.2.5 Fire-adapted plants

We recorded the dominance of fire-adapted species Marchantia polymorpha, Polytrichum spp.,
Funaria hygrometrica and Chamaenerion angustifolium (Fig. 14). From these species Polytri-
chum spp. exhibited the most rapid increase in projected cover, reaching 29% in middle-aged
stands and 37% in over-mature stands. Two other species — Marchantia polymorpha and Funaria
hygrometrica showed declining dominance with their projective cover dropping to almost zero
during the fourth year since the fire event. The dominance of Chamaenerion angustifolium stable
during the studied period.

3.3 Species diversity

Species diversity during the vegetation recovery (expressed in Shannon-Wiener index (H) values
based on projective cover (Table 2) showed different types of dynamics at each vegetation layer.
In middle-aged stands ground layer species diversity peaked in 2 years after the fire (2020), reach-
ing H of 1.31 and subsequently declining to 0.83 in the 4th year (2022). However, in over-mature
stands species diversity started to decline from the first year since fire (H=1.50 in 2019) and the
overall H values were higher compared to middle-aged stands.

At herb layer H values were the highest among all sample plots (H>2.00). At this vegeta-
tion layer species diversity increased with each year, both in middle-aged and over-mature stands
(with the exception of over-mature stands in year 3), reaching very similar values during 4th year
since fire (H=2.56 and H=2.58, respectively. Tree species regeneration showed that H values were
quite stable and the first year since fire in over-mature stands was the exception with relatively low
species diversity of H=0.99 due to the pronounced dominance of young Populus tremula trees.
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Table 2. Species diversity (Shannon-Wiener index H) and standard errors in sample plots (n = 112).

Year since fire

1 2 3 4

Ground layer

Middle-aged stands 1.20+0.09 1.31+£0.08 1.22+0.08 0.83+0.08

Over-mature stands 1.50+0.07 1.45+0.06 1.234+0.05 1.03+0.05
Herb layer

Middle-aged stands 2.00+0.06 2.25+0.08 2.574+0.10 2.56+0.08

Over-mature stands 2.41+0.08 2.50+0.09 2.47+0.08 2.584+0.07
Tree species regeneration

Middle-aged stands 1.42+0.17 1.42+0.11 1.44+0.14 1.45+0.14

Over-mature stands 0.99+0.09 1.41+0.14 1.39+10.14 1.53+0.15

3.4 Differences in projective coverage between years and age groups

Post-fire vegetation recovery showed the most pronounced differences in projective cover after the
first year since fire and during each successive year differences became less statistically significant
(Table 3). Projective cover at the ground layer increased significantly (p<0.05) after the first year
since fire event, just as in herb layer and for regenerating trees, where significance level was lower
(p<0.1). After the second year, only changes at the herb layer were significantly different (»<0.1)
and after the third year — only regenerating trees (p <0.1).

When tested for differences in projective cover by age groups, only regenerating trees showed
statistically significant differences (Table 4). The significance between projective cover values
declined gradually with every year and was not significant during the fourth year since the fire event.

Table 3. Vegetation projective cover (%) p-values and significance levels for by layer
between successive years since fire event (n = 434).

Vegetation layer Ist vs. 2nd year 2nd vs. 3rd year 3rd vs. 4th year
Ground 0.003** 0.542ns 0.969ns
Herb 0.088%* 0.099* 0.292ns
Tree species regeneration 0.064* 0.1430s 0.083*

**% p<0.001; ** p <0.05; * p <0.1; ns — not significant.

Table 4. p-values and significance levels for vegetation projective cover (%) by age groups (middle-
aged and over-mature stands) during the four years since fire event (n = 434).

Vegetation layer Ist year 2nd year 3rd year 4th year
Ground 0.465ns 0.267ns 0.683ns 0.301ns
Herb 0.6071s 0.393ns 0.282ns 0.493ns
Tree species regeneration 0.000%** 0.011%** 0.035%* 0.049%*

%k p<0.001; ** p<0.05; * p <0.1; ns — not significant.
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4 Discussion

Our study indicates different early successional patterns in protected middle-aged and over-mature
forests. Initial projective cover of vegetation was generally higher in over-mature stands. The natural
regeneration of tree seedlings was still high in burned over-mature stands dominated by Betula
spp., Populus tremula and Salix spp. with Pinus sylvestris in the smallest proportion. This is quite
characteristic to the region, as the spatial distribution of forest fires coincides with the distribution
of Pinus sylvestris-dominated forests (Donis et al. 2014).

In protected forests, logging is primarily limited according to the protection regime. Salvage
logging for ecological restoration (sensu Pyke et al. 2010; Miiller et al. 2019) was not utilized here
after the wildfire and did not influence our established sample plots. Salvage logging was done
selectively in some adjacent areas to create suitable and functioning firebreak lines for public safety
purposes in nearby villages. The access to the area during the period of wildfire was also limited.

This, however, is related to the issue of underdeveloped forest management infrastructure in
Latvian protected forests, especially remote from population centers like in Stikli Mires. Missing
forest roads and even firebreaks in this region delayed the extinguishing efforts and thus relatively
large area was burnt.

4.1 Patterns of vegetation recovery

The early development of certain species and communities developed rapidly after the fire dis-
turbance. The re-vegetation immediately after the wildfire was dominated by grasses and dwarf
shrubs and also bryophytes, for instance Marchantia polymorpha. Also, some studies on boreal
post-fire vegetation re-growth pointed out similar observations (Gongalsky and Persson 2013; Jean
et al. 2019). The composition of species at herb and shrub layers is characterized as defining the
vegetation recovery trajectories since these elements are the most sensitive to altered environmental
conditions (Khapugin et al. 2016).

During the first year after fire the rate of colonization at the ground layer was the highest
compared to herb and tree layers, notably by Marchantia polymorpha, Pohlia nutans, Funaria
hygrometrica and Ceratodon purpureus. Additionally, the projective cover at tree layer was signifi-
cantly higher compared to middle-aged stands. Mosses at the ground layer have the largest species
turnover after wildfires, since they do not have underground propagules (Markham and Essery
2015). Although we do not have vegetation data before fire disturbance, we found rapid increases
in the dominance of 8 moss species after fire, both in middle-aged and over-mature stands.

We found steady increases in species diversity at herb layer for both middle-aged and over-
mature stands, which is typical in boreal and hemiboreal forests after fire disturbance (Marozas et al.
2007; Ruokolainen and Salo 2009) and similar to the effect of clear-cutting in terms of species richness
(Pykald 2004). This is explained by rapid colonization by Chamaenerion angustifolium, Epilobium
spp. and others — this short-lived domination immediately after the fire was also noted by Ananyev
et al. (2022). Over the four years after the fire disturbance dwarf shrubs retained the dominance in
terms of projective cover and showed rapid increases in both middle-aged and over-mature stands.

Commonly, the invasion of species is also observed in burned areas, for instance, the abun-
dance of Chamaenerion angustifolium, Taraxacum spp., Senecio spp. was high in studied forest
stands. It is also known that some individuals might sprout from old subsoil seeds (Kellman 1970).
In this study, we found Rumex acetosa L., Luzula pilosa (L.) Willd., Cirsium arvense (L.) Scop.
and Salix spp. species. Also, the occurrence of Calluna vulgaris seedlings were observed in the
second, third and fourth year after wildfire. This might be because the viability of seeds was initi-
ated by heating the soil surface the humus layer containing the seeds.
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Several studies (Laivins et al. 2019; Dawe et al. 2022) have found that three years after fire
disturbance marks the stabilization of dwarf shrubs in particular. However, we did not observe
this, however, the overall slower increase in dwarf shrub cover in over-mature stands after year 3
might be a sign of this. Specific dwarf shrubs, for instance Vaccinium vitis-idaea and Vaccinium
uliginosum steadily increased their dominance over the entire study period — from average 12%
and 15% in 2019 (respectively) to average 17% and 25% in 2022.

As expected, tree species regeneration was dominated by Betula spp., Populus tremula but
Pinus sylvestris occupying a fraction of the total projective cover. This is corroborated by results
from boreal Russia (Ananyev et al. 2022). In addition, Populus tremula marked a difference between
recovery trajectories in over-mature stands, where species projective cover declined — in contrast
to middle-aged stands and all other regenerating tree species.

During the four years of vegetation recovery, changes in environmental variables, expressed
in Ellenberg indicator values, showed small but important changes over time — overall decrease in
light demand, continentality and moisture. These results highlighted notable differences between
middle-aged and over-mature stands, for instance, in over-mature stands continental and moisture-
demanding plants declined notably but light-demanding plants had slightly higher dominance
compared to middle-aged stands.

4.2 Plant functional groups

In addition to species dominance, expressed in terms of projective cover, plant functional traits
provided important findings on early-successional developments in post-fire vegetation recovery.
As expected, light-demanding species dominated during the first four years, and the increase of
Vaccinium vitis-idaea coverage in middle-aged stands is related to greater light availability at the
ground layer after the ground was exposed. This fact was also detected in earlier study (Lindholm
and Vasander 1987). It is known that forest plant community reaches their greatest diversity of
mixture of light-demanding and shade-tolerant species in the early development stage of forests
(Valladares et al. 2016; Adie and Lawes 2023). Our results showed signs of this with the steady
decline in the dominance of light-demanding species over the studied 4-year period.

The dominance of competitor (C) and competitor-stress tolerator (C-S) species was expected
during the early stages of succession (Petrokas and Manton 2023). The rapid expansion contrasted
with the stable cover of C-S-R and S species, especially in over-mature stands. In the case of
middle-aged stands, C-R species were also dominant during the first year after fire disturbance but
had less increase in projective cover compared to C species.

Low-intensity fires favor species which reproduce vegetatively, but moderately strong fires
promote species with wind dispersal mode (Boucher et al. 2014). We indeed found a dominance
of Populus tremula in the first couple years after the fire, however, its cover declined and was
overtaken by Betula spp. and Salix spp. These species are typical post-fire colonizers in boreal and
hemiboreal forests (Zyryanova et al. 2010).

4.3 Succession of forest plant communities

The differences between forest site type and forest plant association type must be considered while
different local and regional landscape characteristics also play an important role. In our study, the
Myrtillus type of forests visibly showed the re-vegetation occurrence of species which are basically
found in forests on peat soils, for instance, Ledum palustre L., Vaccinium uligonosum, Eriopho-
rum spp., Sphagnum spp. and others. These species are quite resilient to surface fires due to their
adaptations like the extensive rhizome and favorable conditions after fire. Also, site microrelief
depression provides specific conditions for above-mentioned species.
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Surviving trees remain and also affect the recovery of vegetation (Adamek et al. 2016). Fire
legacies arising from past fire disturbance influence not just vegetation recovery trajectories for
decades to come (Jonstone et al. 2016; Dawe et al. 2022) but also the resilience of communities
to the impacts of wildfires in the future (Day et al. 2022). Such forms of “ecological memory”
(Franklin et al. 2000), in addition to site conditions and species diversity, must be considered in
forest management planning (Day et al. 2022).

Obviously, the first four years of post-disturbance succession cannot provide a full picture
of vegetation recovery, since full recovery can take even 100 years or longer (Marozas et al. 2007).
However, as stressed earlier in the text, the first few years are critically important in forming future
trajectories for the diversity and resilience of forest species and communities. We found important
indications that can guide ecological restoration efforts and the management of protected forests
in the long term, for example, the persistence of Vaccinum cover and the importance of ground
layer in post-fire regeneration in general. However, using fire as a tool for ecological restoration
is controversial since many factors must be considered (Pyke et al. 2010; Hamman et al. 2011) to
reach the desired outcome. Our study demonstrated that short-term vegetation recovery in oligo-
trophic boreal forests results in the dominance of Betula spp. and Vaccinium myrtillus, especially
in over-mature forests.

5 Conclusions

We observed early successional vegetation recovery after fire disturbance. At herb and tree layers
we found the highest variance of projective cover both for middle-aged and over-mature stands.
During the fourth year we observed declines in projective cover for some bryophyte species and
dwarf shrubs in middle-aged stands. Regenerating tree species were dominated by Befula spp. and
Populus tremula. The dominance of fire-adapted species declined rapidly after the fire with the
exception of moss Polytrichum spp. Overall, hemiboreal over-mature stands demonstrated higher
vegetation cover and more rapid rate of initial colonization compared to middle-aged stands. We
also found the highest statistical significance of year-to-year projective cover after the first year
since fire, but significance decreased with time. Our study contributes to the better understanding
of short-term dynamics of vegetation recovery after fire disturbances in hemiboreal forests and its
findings can help to plan ecological restoration efforts.
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