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Introduction. Forest fires are one of the key destabilizing factors affecting the function-  \anuscript received 1
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vices. Under the conditions of climate change and increasing anthropogenic pressure,

particularly due to military actions in Ukraine, the frequency and intensity of fires are ~ Revised manuscript received
rising, which necessitates the study of post-fire processes in the forests of Polissya. 17 March 2026

The aim of the research is to determine the patterns of surface fire impact on the radial
growth of Scots pine in middle-aged pine stands of Polissya.

Methods. The study is based on a combination of dendrochronological analysis, for-
est inventory methods, and statistical data processing. Cores were collected from the  Available online
fire-damaged stand and from a control (undamaged) stand. Local tree-ring chronologies 30 May 2026
were developed, and indexing using moving-average smoothing was applied. The dy-

namics of latewood, earlywood, and annual rings were compared between the fire-dam-

aged plot and the control plot for the period 2020—2024. Correlation and regression

analyses between growth indices and char height on the stem were performed.

Results. A significant reduction in radial growth was found in the year of the fire and in

the following period, with a maximum depression in 2023, which was exacerbated by dry

climatic conditions. Latewood turned out to be the most sensitive indicator of fire impact,

as its width in the damaged stand was significantly smaller compared to the control.

Growth recovery for trees that remained viable occurred within two years. A statistically

significant relationship was found between latewood indices and char height. Although

the char height on the damaged stand varied within the range of 175-250 mm, i.e.,

the damage can be classified as moderate to severe, the radial growth recovery of the

trees that remained alive occurred within two years. This is because the depth of bark

charring was shallow, and the middle-aged pine stands have thick bark that protected

the cambium, phloem, and conductive tissues of the wood from fire damage. Moreover,
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as a result of sanitary felling after the fire, 14% of the trees were lost, which improved
light conditions and nutrient availability for the remaining trees. The differences be-

Keywords:

tween earlywood and annual ring widths in the damaged stand and the control were

insignificant during the pre-fire period, the year of the fire, and the post-fire period. The

largest - was found for 2023, when the difference was 22%.

Analysis of the latewood/earlywood ratio showed a decrease in this index for the dam-
aged plot in the year of the fire (2022) and the first post-fire year (2023), indicating that
this index is suitable for characterizing the impact of stress factors (fires, drought years,

etc.) on the radial growth of Scots pine trees.

radial growth, Pinus sylvestris L., surface
fire, dendrochronology, latewood, post-fire
dynamics, Polissya, landscape, forest, cli-
mate change, sanitary condition of trees,
bioindication.

Conclusions. The impact of the 2022 fire on middle-aged Scots pine stands under
thermal stress conditions (temperature deviation of +13-28%) was studied. It was
found that latewood is the most sensitive indicator of pyrogenic impact: in the year of
the fire, its width decreased by 56% (to 0.20+0.04 mm), while earlywood parameters
remained stable. A statistically significant regression relationship between latewood
indices and char height was revealed. It is proved that if the cambium remains alive,
trees restore their radial growth within two years, indicating their resistance.

Introduction

Forest fires are among the most powerful
factors transforming forest ecosystems, affecting
their structure, functioning, and productivity.
They cause significant ecological and economic
losses, disrupt biogeochemical cycles, and increase
greenhouse gas emissions, thereby contributing
to global warming [1-3].

In the context of Ukraine, the problem of fires
has gained particular urgency due to military
aggression, which is accompanied by the large-scale
use of incendiary weapons and the “scorched earth”
tactic. According to current estimates, a significant
proportion of forest ecosystems have been damaged
or destroyed, which necessitates research into their
post-fire recovery [4-6].

The forests of Polissya attract special
attention, where the combination of sandy soils,
increased flammability, and climate change
(rising temperatures and precipitation deficits)
creates preconditions for frequent fires. Despite a
considerable number of studies, the issue of radial
growth dynamics as an integral indicator of tree
vitality after fire remains insufficiently addressed,
especially for the conditions of Ukraine.

The aim of the research is to determine the
patterns of surface fire impact on the radial
growth of Scots pine in middle-aged pine stands
of Polissya.

The object of the research is a middle-aged
pure pine stand damaged by a surface fire in April
2022 and an undamaged stand.

The subject of the research is the response of
the radial growth of Scots pine to the impact of a
surface fire.

Analysis of recent research and
publications. Tree radial growth is an integral
indicator of their physiological state, which makes
it possible to use it for bioindication of forest
stands [7]. Tree recovery after fire is determined
both by direct thermal damage and by climatic
factors, primarily high temperatures and moisture
deficit. In particular, studies of Pinus pinaster
Aiton in Vesuvius National Park (southern
Italy) have shown that in fire-damaged trees
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with significant crown deformation, suppression
of cambial activity, reduced xylem production,
delayed phenological phases, and decreased
wood plasticity are observed compared to trees
undamaged by fire. The authors concluded that
substantial limitations of photosynthesis caused
by crown defoliation combined with recurrent
droughts lead to a sharp decline in radial growth
and prevent the return of productivity to the level
preceding the fire damage [8].

The general mechanism of tree damage by fires
includes three main components: crown damage
— high temperatures destroy buds and leaves
(scorching) due to convective and radiant heating
or direct contact with flames; stem damage — the
heat flux penetrates through the bark, causing
necrosis of the cambium and phloem, with bark
thickness and charring depth serving as critical
indicators; root damage — smouldering combustion
of litter and organic debris near the tree base can
destroy root systems [9].

Studying radial growth in fire-damaged stands
allows for informed planning of forest management
measures and specification of the required duration
of monitoring of pine stands after pyrogenic impact.
Modern dendroecological studies indicate that
post-fire radial growth dynamics is a complex
multifactorial process that depends on fire
intensity, climatic conditions, competition levels,
and biological species traits [10].

Materials and methods. The methods
of comparative ecology, forest inventory, and
dendrochronological methods were used [11, 12].

A surface fire occurred in a pine (Pinus
sylvestris L.) stand of the “Korostyshiv Forestry”
branch of the state enterprise “Forests of Ukraine”
in April 2022. This is a pure, middle-aged pine
stand growing in fresh mesic forest site conditions
(fresh oak forest type). Cores were collected from the
fire-damaged plot and from a control plot (Fig. 1).

The stand grows in fresh mesic forest site
conditions. The fire occurred in April 2022. Fifteen
cores from the fire-damaged plot and fifteen cores
from the control plot were collected in September
2024.
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Fig. 1. Map of Ukraine showing the sampling sites.
Note: 1 — fire-damaged pine stand, 2 — control stand

During core collection, the diameter and
height of each tree were also measured, and the
sanitary condition category was determined. Six
categories are distinguished: Category 1 —healthy
trees (no signs of weakening): trees with a dense
crown, normal growth, no damage to the stem or
roots. Category 2 — weakened: crown of medium
density, green needles, but reduced growth;
minor mechanical damage may be present.
Category 3 — severely weakened: open (sparse)
crown, needles shortened or pale, presence of
top dieback or isolated dead branches. Category
4 — dying trees: crown yellow or brown, needles
shedding, more than 2/3 of the crown consists of
dead branches, bark begins to peel off. Category
5 — fresh deadwood: trees that died in the current
year. Needles dry (red or grey) or already fallen,
bark may be infested with stem pests [13].

Cores were taken with a Pressler increment
borer at a height of 1.3 m. They were then
air-dried, and the widths of earlywood, latewood,
and annual ring were measured using a HENSON
measuring system with an accuracy of 0.01 mm.
Local tree-ring chronologies were obtained for the
fire-damaged and control plots.

The dynamics of latewood, earlywood, and
annual ring layers were compared between the
fire-damaged plot and the control plot over the
period 2020-2024 (two years before the fire, the
year of the fire (2022), and after the fire).

To remove the age trend and obtain indexed
tree-ring chronologies, the 3-year moving average
method was used [11].
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Statistical data processing, correlation and
regression analyses were performed to establish
relationships between the indices of tree radial
growth and the char height on the stems, as well
as the categories of tree sanitary condition.

For the analysis, data from the Zhytomyr
weather station (50°16'50"N, 28°39'32"E) were
used. Precipitation and temperature normals
were calculated for the period 1974-2004.
Precipitation normals are a climatological method
based on averaging data over a long-term period
(usually 30 years or more) for a specific location.
This helps to understand whether the current
month or year is dry/wet or warm/cold [14].

Results

In order to establish the climatic normals of
precipitation and temperature, the corresponding
values were averaged over the period 1974-2024.
It was found that in the year of the fire (2022),
average temperatures were 13% above the
normal, while precipitation was 7% below the
normal. In 2023, these values were 21% and 33%,
respectively; in 2024— 8% and 11%. Consequently,
the most extreme year for tree radial growth was
2023 — the year following the fire (Fig. 2).

The unfavourable weather conditions for tree
growth in 2023 likely exacerbated the depression
of radial growth in the fire-damaged plot.

As of 2024 (the second year after the fire), the
sanitary condition of trees in the pine stands on
the damaged plot had deteriorated compared to
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Fig. 2. Dynamics of temperatures and precipitation by hydrological years according to the data from the Zhytomyr weather station

the control. No completely healthy trees were
found here (Fig. 3).

Scots pine trees of different sanitary
condition categories responded differently on the
fire-damaged plot. Weakened trees (category 2)
quickly responded to the thinning of the stand
caused by the fire, which was manifested in a
growth surge in 2023, i.e., in the
second year after the fire. Severely 60
weakened or dying trees (categories 3
and 4) showed no significant response 50 +
to the increased growing space and
improved light conditions after the 40 +
dieback of 14 % of the trees on the
damaged plot (Fig. 4).

As noted above, the dynamics of
latewood, earlywood, and annual ring

Persent of trees

trees that remained alive by the second year after
the fire (see Fig. 5 A).

The differences between earlywood and annual
ring widths in the damaged stand and the control
were insignificant during the pre-fire period,
the year of the fire, and the post-fire period.
The largest difference in annual radial growth

i

20 +
layers were compared between the 20
fire-damaged plot and the control plot o
for the period 2020-2024, i.e., for two

years before the fire, the year of the o

fire (2022), and after the fire (Fig. 5).
In the year of the fire, 2022,
the average latewood width on the
fire-damaged plot was 0.20+0.04
mm, while on the control plot it was
0.45+0.08 mm, i.e., the difference was
56% and was significant (t, =2.7,
o= 2-1 at the 0.05 significance level). In the
following year, this difference between the
respective wood layers also proved significant
at the 0.05 level (t, =2.7, t, = 2.1 at the 0.05
significance level), i.e., the latewood width in
the damaged stand was 0.29+0.06 mm, while
on the control it was 0.58+0.09 mm, meaning it
decreased twofold compared to the control. In
2024, the difference between latewood layers
in the damaged stand and the control became
insignificant. Thus, latewood recovered for the

1 sanitary
statc catcgory statc catcgory Statc catcgory statc category state category
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2 sanitary 3 sanitary sanitary 5 sanita
2 tar 3 tar) 4 tary 5 tary

@ Control O Demaged plot

Fig. 3. Sanitary condition of trees on the sample plot damaged by a spring surface
fire in 2022 and on the control plot for 2024.

between the damaged and control sample plots
was found for 2023, when the difference was 22%
(see Fig. 5 B, C).

The latewood layers of the trees that remained
alive proved to be the most sensitive to fire impact.

Although the char height on the damaged
stand varied within the range of 175-250 mm,
l.e., the damage can be classified as moderate to
severe, the radial growth recovery of the trees
that remained alive occurred within two years.
This is because the depth of bark charring was
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shallow, and the middle-aged pine stands have
thick bark that protected the cambium, phloem,
and conductive tissues of the wood from fire
damage. Moreover, as a result of sanitary felling
after the fire, 14% of the trees were

South Africa), which has a Mediterranean-type
climate with warm, dry summers and wet, mild
winters, demonstrated a significant growth
reduction directly in the year of the fire and

lost, which improved light conditions 1.2 7
and nutrient availability for the - 11
remaining trees. 2
Analysis of the latewood/earlywood Zos +
ratio showed a decrease in this index f
for the damaged plot in the year of the E 06 T
fire (2022) and the first post-fire year “;; o
(2023), indicating that this index is -8
suitable for characterizing the impact o2 1
of stress factors (fires, drought years,
etc.) on the radial growth of Scots pine 0

(Fig. 6).

Latewood proved to be the most
sensitive to changes in environmental
conditions. A regression relationship
between latewood indices and char
height on the stems was established
for the year of the fire (2022), which is described
by a third-order curve (n=0.73+0.25, t, = 2.87,
oo = 2:97, £, >t at the 0.05 significance level)
(Fig. 7).

A regression relationship between latewood
indices and char height on the stems was
established for the year after the fire (2023), which

Teop

300
5 250
o .. .
[=] e
S 200 = .
E -
£ 150
3 v -332.41x° + 819.61x* - 619.52x + 35222
e R — 0.5407
)
=
5 s0
a
5 ¥

0

0 0.2 0.4 0.6 0.8 1

Late wood index

Fig. 7. Regression dependence of the late wood indices for 2022 (year of fire) and the

height of the bark char on the trunks

is described by a third-order curve (n=0.78+0.25,
tfﬂCt-: 287’ t:theorz 237’ tfact4> t—/theor. at the 005

significance level) (Fig. 8).

Discussion

Our results are in good agreement with current
understanding of fire effects on radial growth of
various pine species in arid and Mediterranean
regions. In particular, a study of Pinus radiata in
the Jonkershoek Valley (Western Cape Province,
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2020 2021 2022 2023 2024
Years
——~Control ——I1J)amaged plot

Fig. 6. Latewood/earlywood ratio

the following year. Recovery of radial growth
was expected as early as the second year after
the fire, with a pronounced interaction between
the degree of fire damage and precipitation
amount. Importantly, char height on the stem —
an indicator of scorching intensity — correlated
with a significant narrowing of annual rings
and a decrease in the latewood
proportion [15].

In contrast, for Scots pine in
young stands of the Left-Bank
Forest-Steppe of Ukraine, the
recovery process proved to be
longer: after a surface fire in
May 2011, the surviving trees
were able to return to the radial
growth level recorded before the
disturbance only in the sixth
year, during 2014-2016 [16,17].
Such differences in recovery
15 14 time may be explained by
both species-specific traits and
differences in climatic conditions
and fire severity.

It should be emphasised that
fires not only directly cause local
tissue necrosis, but also trigger a systemic stress
response of the entire tree, which is reflected in
the multi-year dynamics of annual ring width
[18]. Dendrochronological studies reveal the
ecophysiological mechanisms of such a response:
for example, heavily defoliated trees not only
reduce radial growth but also alter their water
consumption regime due to significant crown
damage [19]. In our case, we used sanitary
condition categories that integrally characterise,
among other things, the crown condition. It was
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found that statistically significant recovery of
annual wood increment after the fire was observed
only in trees classified as Category 2 (weakened).
In contrast, healthy trees (Category 1) were
completely absent on the fire-affected plot.
Additional evidence of the decisive role of
defoliation and drought is provided by results
obtained for Pinus pinaster in hot and dry areas
of the Mediterranean. Comparison of burned
trees with significant crown deformation with
undamaged specimens revealed a reduction in both
radial growth and photosynthetic activity for three
years after the fire. Monitoring of cambial activity
showed that hot and dry periods exacerbated the
negative effects: the affected trees decreased xylem
production, delayed growth phenology, and reduced
wood plasticity. This indicates that the combination
of substantial photosynthetic limitations due to

R2=0.6038

Height of chared bak on the trunk, er

0 05 1 1.5
Late wood index

Fig. 8. Regression relationship between latewood indices for 2022 (the year of the fire)

and char height on the stems

defoliation and recurrent droughts can lead to
prolonged growth suppression and prevent the
return of productivity to pre-disturbance levels.
Similarly, other researchers emphasise that
drought can exacerbate the negative effects of fires
on growth [20]

At the same time, there are factors that
mitigate stress effects. In particular, a reduction
in intra- and interspecific competition after the
loss of part of the stand can partially compensate
for the adverse effects of warming by reducing
moisture deficit due to lower overall resource
consumption by neighbouring vegetation [21].
Moreover, fire resistance depends significantly

BHecok aBTOpiB: BCi aBTOpu 3po6WMM PIiBHUIA BHECOK Y L0
poboTty

KoHdnikT iHTepeciB: aBTOpu 3acBiauytoTh, LU0, HE3BaXaK4M Ha
Te, LLLO O[IMH i3 aBTOPIB CTATTi € YNEHOM pefaKLiiHOT Konerii Liboro
XKypHany, npouec peLeH3yBaHHS, MPUAHATTSA PilleHHsT LWoAdo

v =-24.144x* + 87.049x%2 - 63.528x +213.19
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on the species. For instance, data on Pinus nigra
confirm its characteristic ability to withstand
surface fires without critical consequences for
growth [22]. In our case, middle-aged Scots pine
trees have sufficiently thick bark so that, under
conditions of shallow charring depth, even a
char height of 200-250 mm on the stem did not
cause dieback of the surviving individuals. Thus,
the combination of species adaptations, reduced
competition, and favourable weather conditions
in the post-fire period determines the trajectory
of radial growth recovery.

Conclusions

1. The period 2022-2024 was characterised
by progressive thermal stress: the temperature
deviation from the normal increased from 13% to
28%. The most extreme year
was 2023 (precipitation deficit
of 33%), which exacerbated the
negative impact of the pyrogenic
factor on radial growth.

2. The fire led to a
complete loss of the healthy
tree category on the damaged
plot by 2024. The total
mortality due to the fire and
subsequent sanitary felling
amounted to 14%.

3. Latewood proved to be
the most sensitive indicator
of fire: in the year of stress,
its width decreased by 56%
compared to the control
(0.20£0.04 mm and. 0.45+0.08
mm). At the same time,
earlywood and annual ring
parameters did not show statistically significant
changes.

4. In the second year after the fire (2024), the
difference in latewood width between the plots
disappeared. This confirms the high adaptive
capacity of middle-aged Scots pines to restore radial
growth provided the cambium remains viable.

5. The latewood/earlywood ratio has been
proven to be a reliable marker of pyrogenic
stress. The statistically significant regression
relationship between latewood indices and char
height (2022—-2023) allows this indicator to be
used for quantitative assessment of the degree of
tree damage.
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ny6nikauii Ta pegaryBaHHs NPOBOAMNUCS He3arnexHo, 6e3 1oro
yyacTi un BnnuBy. Byab-siki NOTeHUilHI KOHNIKTY iHTepeciB Bynu
NOBHICTIO YCYHEHi LUNSAXOM 30BHILLUHbOrO KOHTPOSIO NpoLEeCy.
Deknapauifi Nnpo BUKOPUCTaAHHA FeHepaTUBHONO LUTYYHOro
iHTenekTy: ABTOPU BWKOPUCTOBYBaNM IiHCTPYMEHTU reHepa-
TUBHOTO LUTY4YHOro iHTenekTy (GenAl) ans gonomixHoi poboTu:
mogeni ChatGPT-5.5 (OpenAl, 2026) BUKMOYHO ANsi MOBHOMO
pefaryBaHHsi, CTPYKTYPHOIO BnopsiaKyBaHHs TekcTy; Grammarly
— ANs nepesipkn NpaBUNbHOCTI Nepeknagy TekcTy. YCi pesynb-
TaT poboTu 3 UMMM iHCTpyMeHTamu Bynu peTenbHO KOHTPOMbO-
BaHi, nepesipeHi Ta, 3a HeobXigHOCTI, BiapenaroBaHi aBTopamu.
Becb HaykoBWIA KOHTEHT, MaTepianu Ta BUCHOBKU Gyrnv CTBOPEHI
aBTopamMun. ABTOPM HECYTb MOBHY BiAMNoBiganbHICTb 3a 3MICT Ta
LinicHicTb ny6nikauii.
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AHOTALUIA

NicoBi noxexi € ogHWMM i3 KMOYOBMX AeCTabinidyunx YMHHUKIB PyHKLIOHYBaHHS ni-
COBMX €KOCWCTEM, BMIMBAKOYM Ha iX MPOAYKTUBHICTb, BIOPI3HOMAHITTA Ta eKkocucTem-
Hi nocnyrn. B ymoBax KniMaTU4HMX 3MiH | MOCUMEHHSI aHTPOMOrEeHHOTO HaBaHTAXEHHS,
30KpemMa BOEHHUX il B YKpaiHi, YacToTa Ta iHTEHCUBHICTb MOXEX 3pOCTaloThb, WO 3y-
MOBIMIOE HEOOXIQHICTb AOCNIMKEHHA NOCTNIPOreHHMX npouecis y nicax Monicca. Metoto
poboTu € — BCTAHOBUTM OCOBNMBOCTI BNMBY HWM30BOI MOXEXi Ha pagianbHUiA NpupicT
COCHM 3BUYanHOI (Pinus sylvestris L.) y cepenHbOBikOBMX AepeBocTaHax [lonicbkux
naHgwadrTie. JocnigkeHHst 6a3yeTbCs Ha NOEAHaHHI AEHOPOXPOHOSONYHOrO aHaniay,
METOAIB MiCOBOI Takcauii Ta cTaTuCTUYHOI 06pobkun aanmx. BigibpaHo kepHu 3 mowkoa-
XKEHOTrO MOXEXeo Ta KOHTPOMNbHOro HacamxeHb. MNobyaoBaHO fokanbHi AepeBHO-KiNb-
LieBi XpOHOSOTii, 32aCTOCOBaHO iHAEKCaLil0 3 BUKOPUCTaHHAM KOB3HOMO 3rnazpKyBaHHS.
BrKOHaHO KOpensauinHuiA i perpecinHnin aHania Mk MOKa3H1KaMm NPUPOCTY Ta BUCOTOO
Harapy Ha cToBOypi. BCcTaHOBMNEHO CyTTEBE 3HWKEHHS pajianbHOro NpUpOCTy y pik no-
XKeXi Ta HacTynHWI nepiod, 3 MakcMManbHot aenpecieto y 2023 poui, wo 6yno nocu-
JIEHO MOCYLLNNBUMM KIIMaTUYHUMK YyMOBaMU. HanbinbL 4y TnneBuM iHAMKaTOPOM BNIK-
BY MOXEXi BUABMUNACS Ni3HA OEpeBMHA, TOBLUMHA SKOT Y MOLUKOMKEHOMY HaCaKEHHI
6yna JOCTOBIPHO MEHLLOK NMOPIBHAHO 3 KOHTponeM. BigHoBneHHs npupocTy Biabynocs
NpoTAroM ABOX POKIB ANs AepeBs, Wo 30eperny XUTTe3aaTtHicTb. BuseneHo cratnctuy-
HO 3HauvyLly 3anexHiCTb MK iHAeKcaMu MisHbOI AepeBVHN Ta BUCOTO Harapy. Ocna-
6neHi aepesa (Il kaTeropii) AEMOHCTPyBanu MO3WUTVMBHY PeaKLito Ha 3MEHLUEHHS KOH-
KypeHLUii, Togi Sk cunbHO ocnabneHi — He BigHOBMOBanu npupicT. [locnigxeHo BNnvBe
noxexi 2022 p. Ha cepefHbOBIKOBI COCHOBI Haca)KEHHs1 B YyMOBaxX TEPMI4YHOro cTpecy
(BipxuneHHsa Temnepatypu +13-28%). BctaHoBneHo, Wo nisHa AgepeBuHa € HanbinbLu
YyTNUBUM iHOMKATOPOM MiPOreHHOro BMIMBY: Y PiK NOXeXi il LuMpuHa ckopotunacs Ha
56% (po 0,20+0,04 mm), ToAi K NapameTpu PaHHLOI AEPEBUHUN 3anuMncs cTabinb-
HUMKU. BUSIBMEHO CTaTUCTMYHO 3HaYyLLy perpecinHy 3anexHiCTb MK iHAeKcamu NisHbOoT
OepeBVHN Ta BUCOTO Harapy. [loBeaeHo, Lo 3a yMOBU 36epexeHHs kambito fepeBa
BiJHOBIIOIOTb pajiarnibHW NPUPICT NPOTArOM ABOX POKIB, WO CBIAYUTL MPO IXHIO BUCOKY
PE3NCTEHTHICTb.
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IHOOPMALIIA MPO CTATTIO :

Pykonuc Haginwos
11 ntotoro 2026

OTpuMaHo nicnsi peLeH3yBaHHs
17 6epesHs 2026

3aTBepmKeHo [0 APYKY
25 TpaBHA 2026

Ony6nikoBaHO OHNanH
30 TpaBHA 2026

Knto4yoBicnoBa:

papianbHuin npupict, Pinus sylvestris L.,
HM30Ba MNOXexXa, [AeHOPOXPOHOIOris,
ni3Ha OepeBuHa, MNOCTNipOreHHa JAuHa-
mika, Moniccsa, naHawadrT, nic, KnimaTuyHi
3MiHW, CaHiTapHui cTaH fgepes, 6ioiH-
aunkadis.
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