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PE3IOME

Konanuna A.B., Taasckux A.H., Baacosa M1.1. OxToreHeTnyeckue TpeH-
ABI B cTpoeHHN (PAOIMHEIX Ayuell Betula ermanii (Betulaceae): ananus-
HBIE OTBETHI HA BYAKAHMYECKYIO0 AKTUBHOCTB. BBIITOAHEH CpaBHITEABHDIN
onrrorenernaecknii anarus (1-112 aAer) dpaosmHON mapeHXHMBI BHYTPEHHEH
Kopsl Betula ermanii us ee Tunmgnbx MectoobnTaHmHE Ha ocTpoBe CaxaAwH U ¢
TEPMAABHBIX HCTOYHMKOB ByAkaHa baparckoro na ocrpose Wrtypym. Bermsaerno
IIpAMOE ITOAOKHUTEABHOE AAAOMETPHYIECKOE COOTHOIICHHE MEKAY KU3HEHHOMN
dopMOIT U IIPU3HAKAMI PAAHAABHON CHCTEMBI (PAOIMEI. AHAMETp CTBOAA yBe-
AMYIHBAACA AOTAPHU(PMITICCKH C BEICOKUMI KOI(P(PUIINECHTAMI ACTCPMITHAIIIH, 4
BO3PACTHBIE TEHACHIINN IIPU3HAKOB (PAOIMHBIX AYYIEH CAGAOBAAH AOrapHPMH-
YECKOMY ITATTEPHY B MOAOAOI Kope (A0 25—35 AeT) B AOCTHIAAM ITAATO B 3PEAOH
kope. B'xoae onTorenesa o0Imee 9ncA0 AyHUei YMEHBIITHAOCH B TPH Pa3a, KOAH-
YECTBO OAHOPSAHBIX Ay9Yell COKPATHAOCH B 6—9 Pas, COCTAB AydYeH M3MEHAACHA
HaunHas ¢ 10-AeTHEro BO3pacra, a IMHPHHA AYICH YBEANIHBAAACH. B ByAKaHN-
YECKOI CPEAE POCT B3POCABIX ACPEBLEB OBIA 3AMEAACH ITO CPABHEHHIO C THITHY-
HBIMH y9IacTKaMi. JHCAO Aydeil B IIPOBOAAIIEH (DAOIME YMEHBIIIHAOCH B 1,42
gasa, TOTAA KAK AOAA AYYCH KaK B IIPOBOASAIIEH, TAK H B HEITPOBOAAIICH hAOIME

biAd B 1,5—2 pasa Bblilre, YeM B THITMYHBIX YCAOBHAX. B yCAOBHAX TEPMAABHBIX
HICTOYHUKOB B KOpe (POPMUPOBAANCH DOABIIIHE YIACTKH AHAATHPOBAHHOM I1a-
PEHXHMBI, BEPOATHO, CAY/KAIIIHE AOKAABHBIMU PE3EPBYAPAMH YTAEPOAA U BOABI
AASl KOMITEHCAITHH IIOBPEKACHUNA KPOHBI M (PU3NOAOTHYCCKON 3aCyxm. DTn
PE3YABTATHI YKA3bIBAIOT HA OTKAOHEHHSA OT THIIMYHBIX OHTOI€HETHYECKUX TpPa-
EKTOPHI (PAOSMHBIX AYYEH ITOA BO3BACHCTBHEM BYAKAHHYECKOTO CTPECCA, UTO
CBHUACTEABCTBYET O CTPYKTYPHBIX aAAITALIMAX, HOBBIIIAIONIX 3((DEKTHBHOCTD
PAAHAABHOTO TPAHCIIOPTa U XpaHeHud. TpebyroTcs AAABHENIITHE KOMITACKCHBIE
HCCACAOBAHUSA, KOTOPBIE ITO3BOAAT IIOHATH, KAK 9TH H3MEHEHHA B3aIMOACHCTBY-
FOT C IIPU3HAKAMI KCHAEMBI H OOECIIEUNBAIOT YCTONYNBOCTD PACTEHHUSA B IIEAOM.

KaroueBwie caoBa: Betsula ermanii, Kopa, OHTOICHES, IIPOBOAAIIAS U HEIIPOBOAAIIAA (DAO-
oMa, PAOIMHEIC AVIH, AUAATAIINSA, BYAKAHIYICCKUI AAHAIITA(T, (DH3HOAOTHYICCKAS 3aCyXa

Volcanic hydrothermal activity, including solfataras, fu- shifts in plant communities of Northeast Asia (Manko 1980,
maroles, thermal springs, streams, and lakes, has persisted Grishin 2003, Neshataeva 2009, Korablev & Neshataeva
for centuries, reshaping landscapes and generating habitats 2016, Grishin et al. 2019, Neshataeva et al. 2021).
that are often stressful for plants (Manko & Sidelnikov 1989, Conditions unique to hydrothermal zones include soils
Laverov et al. 2005). These systems supply juvenile pyro- enriched with salts from major and trace metal ions but ge-
clastic material, hot mineralised waters, and aggressive gases nerally nutrient-poor; lower atmosphere layers saturated
into root-inhabited horizons, driving structural and floristic with toxic gases such as nitrogen and sulphur oxides, ha-
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logen and sulphur hydrides; elevated soil temperatures; and
acidic to ultra-acidic waters (Sokolov 1973, Gladkova & Bu-
tovets 1988, Manko & Sidelnikov 1989, Laverov et al. 2005,
Goldfarb 2005, Zakharikhina & Litvinenko 2019).

Studies of vegetation in Kamchatka’s hydrothermal
fields show that substrate temperature, moisture gradients,
soil acidity, and nutrient impoverishment are key factors
controlling microzonation and stress intensity (Samkova
2009, Samkova et al. 2016, Korablev et al. 2018, Neshataeva
etal. 2021, Korablev et al. 2024). However, structural analy-
ses of woody plants in volcanic habitats remain scarce, and
questions about their anatomical and functional adaptations
to such extreme conditions are still unresolved.

Our recent studies indicate that woody plants growing
in volcanic environments of the Kamchatka and Kuril Is-
lands show distinctive adaptive structural features in both
bark and wood (Eryomin & Kopanina 2012, Kopanina et
al. 2017, Kopanina 2019, Kopanina & Vlasova 2019, Kopa-
nina et al. 2020, Talskikh et al. 2022, Kopanina et al. 2022).
Stress in these hydrothermal landscapes appears to induce
physiological drought, thereby triggering adaptive structural
responses in the carbon pathway (Kopanina et al. 2022).

The bark is a vital component of trees throughout their
lifespan (Esau 1953, 1977, Evert 2006). The phloem, a
complex conducting tissue, is central both to long-distance
carbon transport and to storage of valuable metabolites. Its
functions rely on intricate structural connections between
sieve-tube and parenchyma and undergo substantial age-re-
lated transformations during ontogeny (Esau 1953, 1977,
Gamalei 2004, Evert 2006, De Schepper et al. 2013, Liesche
etal. 2016, Savage et al. 2017, Holbrook & Knoblauch 2018,
Furze et al. 2018, Clerx et al. 2020, Van Bel 2021).

Trees have therefore evolved complex mechanisms en-
abling the bark to adjust metabolism and transport proces-
ses under stress, including low temperatures (Molina 2016,
Lintunen et al. 2016, Schréter & Oberhuber 2021) and
drought (Lintunen et al. 2016, Sevanto 2018, Levionnois et
al. 2021, McCubbin & Braun 2021).

Recent researches have shown that phloem parenchyma
retains water during drought, preventing its backflow into
the xylem along concentration gradients (Pfautsch et al.
2015, Huang et al. 2018, Sevanto 2018, Inagawa et al. 2023).
Although theories on drought impacts on plant water trans-
port are well established, the specific effects on phloem
transport have only recently attracted significant attention
(Sevanto 2018). Studies of mechanisms supporting phloem
transport emphasise the role of phloem parenchyma in
redistributing water and carbon, both in the main long-
distance pathway and in radial (short-distance) transport
(Thompson 2006, Hélttd et al. 2009, De Schepper et al.
2013, Sellier & Harrington 2014, Pfautsch et al. 2015).

Few studies have addressed structural changes in ray
fraction and phloem parenchyma during tree growth, i.c.
with increasing stem diameter, age, and height (Esau 1965,
Khan et al. 1981, Eryomin 1982, 1983, Lev-Yadun & Aloni
1990, Trockenbrodt 1991, Petit & Crivellaro 2014, Wood-
ruff 2014, Jyske & Holttd 2015, Savage et al. 2017, Liesche
& Schulz 2018, Clerx et al. 2020). Even fewer studies have
considered the ecological significance of phloem traits

during ontogeny (Tarelkina et al. 2024), including our own
(Kopanina & Vlasova 2019, Kopanina et al. 2022). Struc-
tural and functional relationships among phloem elements
within the highly variable and multifunctional bark of woo-
dy plants (Rosell et al. 2014, Shtein et al. 2023) remain far
from fully understood but represent a promising area of
bark functional ecology (Rosell et al. 2014, Schréter &
Oberhuber 2021, Shtein et al. 2023, Gricar 2024).

Betula ermanii Cham. (Betulaceae), commonly known as
stone birch, is widespread across Northeast Asia, including
diverse volcanic landscapes, where it forms distinct Far Eas-
tern forest formations. We have studied B. ermanii in various
environments on Sakhalin and in the southern Kuril Islands,
and found that its carbon transport pathway shows structu-
ral-functional adaptations under natural stress, particularly in
volcanic habitats (Talskikh et al. 2022, Kopanina et al. 2022).
Structural responses to thermal springs and mud-volcanic
breccias were reflected in vatiation of sieve-tube elements,
associated with enhanced conductivity and increased carbon
resource availability for growth (Kopanina et al. 2022).
Nevertheless, structural and functional relationships among
phloem elements remain incompletely understood, and the
architecture of the whole bark tissue complex, especially under
high salinity of volcanic substrates, is still poorly documented.

In this study, we examine ontogenetic structural pat-
terns of phloem parenchyma in the bark of B. ermanii from
thermal spring habitats of Baransky Volcano (45.103°N
148.016°E, Iturup Island) and from typical forest stands
in southern Sakhalin. We hypothesise that volcanic stress,
which is associated with elongation and expansion of sieve-
tube elements (Kopanina 2019, Kopanina & Vlasova 2019,
Kopanina et al. 2022), also promotes an increase in the
volume of phloem parenchyma, particulatly rays, thereby
optimising both long-distance and radial transport pathways.

We focused specifically on ray parenchyma under the
influence of the stressful volcanic environment, as it is the
most variable tissue in response to environmental factors
compared with diffuse parenchyma in the phloem and apo-
tracheal axial parenchyma in the xylem, both characteristic
of B. ermanii. A global comparative analysis of more than
2,000 woody angiosperm species by Morris et al. (2018)
showed that in species with apotracheal parenchyma there
is no statistically significant relationship with xylem vessel
conductivity efficiency across contrasting environments.

MATERIAL AND METHODS

The interpretation of B. ermaniiin this study follows the
latest taxonomic revision of the genus Besula L. (Ashburner
& McAllister 2016). Betula ermanii is a polytypic species, and
its populations are highly polymorphic (Shemberg 1986,
Nedoluzhko & Skvortsov 1996). The species occupies a
wide area of the Russian Far East, from 39 to 61°N and
from 108 to 164°E, including Honshu, Hokkaido, Sakhalin,
and many of the Kuril Islands (Ohwi 1965, Skvortsov et
al. 1977, Miyawaki 1985, Shemberg 1986, Li & Skvortsov
1999, Barkalov 2009). Its ecological niche is associated with
mountain habitats in the cold marine climate of the nor-
thern Pacific (Shemberg 1986, Krestov 2003). Trees reach
20-25 m in height, with stem diameters of 50-75 cm (occa-
sionally up to 90 cm), and may live for 250 years.
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Two contrasting sites of B. ermanii were selected: (1) a
typical forest environment beyond volcanic influence in the
East Sakhalin Mountains (site T1 and T2, Table 1, Fig. 1A—
E), and (2) habitats near the hot springs of Baransky Volcano
in the Grozny Range on Iturup Island (site VA, Table 1,
Fig. 1F-H). The reference sites, unaffected by volcanism,
were Krasnaya Mt. (site T1) (Fig. 1A, B) and Bolshevik Mt.
(site T2) (Fig. 1C-E), both situated within the Susunai Range
and its foothills. As trees at Krasnaya Mt were no older than
69 years, we additionally sampled 112-year-old trees from the
ecologically similar Bolshevik Mt. site (Table 1). Samples were
collected during the growing seasons of 2015-2020, from
mid-September to late October, during the defoliation period.

At the Baransky Volcano (site VA), specimens of B. ermza-
niiwere collected along the shores of the Golubye Ozera ther-
mal springs (Table 1, Fig, 1F). Baransky Volcano (also known
as Baranskii, liusu, Sashiusu, Sashiusudake) is an active strato-
volcano (1132 m a.s.l.) with persistent fumarolic activity from
the summit and several flank craters; the geothermal field in-
cludes hot springs and geysers (Gorshkov 1967, McClelland
1992, VOKKIA IVS FEB RAS). The Golubye Ozera thermal
springs, located in the middle course of the Kipyashchaya Ri-
ver, consist of two funnels filled with sulphate—chloride water,
where SO#* concentrations reach 2381 mg 1", The water is
ultra-acidic (pH 1.2) and hot, with temperatures up to 107.5°C.
Sulphur is dispersed along the shores, and CO2 (38.2 % vol.) is
the dominant gas (Zharkov 2014, Bragin et al. 2019).

At each of the three sites, trunk diameters (at 0.5 m
and 1.3 m) and tree height were measured for 15 indivi-
duals. Three model B. ermanii trees were selected (Table 1).
Trees were felled with a chainsaw approximately 50 cm
above ground and sectioned into 7—10 cm discs at 1-2 m
intervals along the stem. From each disc and from branches
at different developmental stages, blocks of 5-10 cm were
taken for anatomical analysis. Crown samples were repre-
sented by one large sun-exposed branch to avoid shading
effects. Additionally, twigs and branches of different ages

representing all stages of bark transformation were collec-
ted from each model tree. Ages and stem diameters were
determined (Tables 1, 2) by counting growth rings under
a LOMO stereomicroscope (Russia) in the laboratory.
Samples were fixed on the day of collection in a mixture
of 50 % ethanol and glycerol (3:1), and then stored in 70 %
ethanol and glycerol (3:1) for at least two months before
sectioning. Herbarium vouchers were deposited in the Insti-
tute of Marine Geology and Geophysics FEB RAS IMGG
FEB RAS), Yuzhno-Sakhalinsk, Russia (SAK). Wood
and bark samples were deposited in the Plant Ecology
Laboratory of IMGG FEB RAS.

From each trunk disc and branch, bark fragments or
whole stem pieces (0.5-2 cm) were cut for laboratory exami-
nation. All samples were incubated in distilled water for 12—
72 h, depending on bark age, to remove fixing fluids. Trans-
verse, radial, and tangential sections (10-25 um thick) were
prepared with a sledge microtome HM 430c equipped with
a fast-freeze device (Thermo Scientific, USA). Sections from
fixed material were stained with a mixture of safranin and
Nile blue (Prozina 1960, Barykina et al. 2004) and washed
in a graded ethanol series (up to 96 %) for dehydration.
Final dehydration was carried out in carbol xylol and xylol,
after which the samples were embedded in a xylene-based
mounting medium (Cytoseal-60, Thermo Fisher Scientific,
USA). For each site, 370—460 permanent slides were prepared.
Sections were studied using a light microscope Axio Scope.
Al (Catl Zeiss, Germany) and ZEN 2 software (Carl Zeiss,
Germany). Descriptive terminology follows the IAWA List
of Microscopic Bark Features (Angyalossy et al. 20106).

To compare quantitative data of bark traits, which und-
ergo profound structural changes with increasing stem age
and diameter, we adopted the following study design. Traits
were measured in two bark zones: the conducting phloem
adjacent to the vascular cambium, and the dilated noncon-
ducting phloem located next to it. The latter zone was de-
limited at the bark periphery by the boundary of a massive

Table 1. Key sites and model trees of Betula ermanii in the Susunai Range (Sakhalin Island) and at Baransky Volcano (Iturup

Island, Kuril Archopelago).

Krasnaya Mt. (Sakhalin Isl.)

Study site not affected by volcanism

Bolshevik Mt. (Sakhalin Isl.)
not affected by volcanism

Golubye Ozera (Iturup Isl.)
affected by volcanism

Study site code Site T1
Coordinates 46.935°N 142.838°FE
Elevation of sample collection 554

(m as.l)

) Stone-birch-fir (Betula ermanii
Plant community

shrubs and herbs
Life form Single-stemmed tree
Stem age (yr) 50, 54, 60
Axial height (m) 15,15.5,17
Trunk diameter at 1.3 m/0.5 m
height (cm) 16.3, 18.6, 20.5/21.4, 23.5, 26
Rhytidome Present at trunk base
Crown damage score (1-10) 1

Heat and gas burns on leaves and

non
stems one

Bark sample age (ring number) 1,2,3,4,5,6,7,9, 10, 13, 23,
(y1) 30, 35, 50, 54, 63, 69

and Abies sachalinensis) forest with

Site T2 Site VA
46.953°N 142.791°E 44.980°N 147.820°E
284 251

Stone-birch (Beula ermanii) forest
with shrubs and tall herbs

Single-stemmed tree
103, 111, 112
21,21,24

34.4, 55,55.4/39.5, 61, 59.3

Present up to two meters along

Sparse Betula ermanii, Larix
kurilensis and Sasa kurilensis forest

Single-stemmed tree
63,73,73
4,4.6,5

10,12, 12.2/13.9, 14.4, 15

the trunk Present

1 5

none present

103, 111, 112 1,2,3,4,5,6,8,9,10, 12, 14, 17,

23,26, 42, 56, 63, 73
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Figure 1 Sampling sites of Bezula ermanii Cham. in southern Sakhalin and Iturup Islands (field photographs): A, B — typical forest site — site T1,
Krasnaya Mt., Susunai Range, Sakhalin Island, 25.10.2020; A — tree; B — main stem (trunk) with rhytidome; C, D, E — typical forest site —
site T2, Bolshevik Mt., Susunai Range, Sakhalin Island; C — tree, 20.10.2019; D — main stem (trunk) with rhytidome, 05.07.2020; E — 2-yr old
twigs, 23.06.2019; F, G, H — Golubye Ozera thermal springs — site VA, Baransky Volcano, Grozny Range, Iturup Island, 27.07.2018; F — tree;

G — main stem (trunk) with periderm; H — 2-yr old twigs
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Table 2. Stem diameter variation of Betula ermanii with age
in the Susunai Range (Sakhalin Island, sites T1 and T2)
and at Baransky Volcano (Iturup Island, site VA). Data are
presented as sample mean (SM) + confidence interval (CI);
values in braces are 5th and 95th percentiles; numbers
below show sample size (SS). Ages in brackets refer to the
volcanic site. Bolshevik Mt. data correspond to ages 85
and 112.

Stem Typical sites Volcanic site
age (yr) (T1 and T2) (VA)
2.20 £ 0.07 2.38 + 0.15
1 (1.86-2.49) (2.00-2.81)
36 32
344 +0.21 4.75 £ 0.37
2 (2.84-4.90) (2.50-7.30)
45 57
5.33 +0.27 6.18 £ 0.32
3 (4.01-7.00) (5.10-8.12)
42 38
7.04 £ 0.32 8.29 £0.74
4 (6.00-8.62) (6.00-11.5)
33 24
7.80 £ 0.44 11.6 £ 0.88
5 (6.08-9.00) (9.21-15.2)
26 23
133 £1.26 11.3 £0.76
6 (7.63-18.2) (8.43-14.9)
26 26
11.6 £ 1.05 17.8 £1.53
7(8) (7.39-15.0) (10.1-15.2)
30 25
15.9 £ 1.04 18.6 + 1.86
9 (12.5-19.9) (11.8-22.9)
27 24
19.3 £ 1.37 243 +1.82
10 (15.0-24.0) (16.8-31.9)
22 30
29.9 £ 218 30.3 £2.55
13(12) (17.5-35.6) (16.2-41.0)
30 31
50.5 £ 4.74 38.2 + 4.58
23(14) (38.4-73.7) (27.3-60.5)
28 31
68.8 £2.28 451 £ 4.55
30(17) (61.7-74.0) (24.7-55.8)
18 28
81.1 £ 3.58 63.9 £ 8.17
35(23) (70.7-87.0) (41.8-95.6)
15 30
168.1 £5.72 744 £ 7.11
54(26) (159.3-189.1) (60.4-94.3)
15 15
181.9 £ 8.77 102.1 £5.23
63(42) (160.0-200.0) (90.7-115.6)
15 15
226.0 £ 8.35 128.9 + 5.00
69(56) (205.0-243.06) (116.2-140.3)
15 15
3182+ 15.9 137.0 £5.23
85(63) (271.7-346.7) (124.4-155.9)
15 15
550.9 +22.7 148.9 + 6.07
112(73) (507.1-592.6) (139.0-165.0)
15 15

sclerified nonconducting phloem. This approach allowed us
to avoid distortion of quantitative data caused by strong
dilatation and the activity of sequent periderms during rhy-
tidome formation at the mature bark periphery in B. ermani.

We analysed B. ermanii bark samples from trees of diffe-
rent ages and stem diameters (Table 2). This research design
followed the methodological recommendations of von Arx et

al. (2015), developed for ecological studies of xylem ray paren-
chyma. These authors emphasise the strong intrinsic and allo-
metric components of ray vatiability compared with the wea-
ker environmental signal. We therefore considered it neces-
sary, in order to identify ecological responses in the structure
of phloem rays, to analyse their vatiation in relation to stem
diameter and age at different tree heights across habitats. In
transverse sections, the traits listed in Table 3 were measured
according to the methods of Yatsenko-Khmelevsky (1954),
von Arx et al. (2015), and Angyalossy et al. (2016): width
of conducting and nonconducting phloem; in conducting
phloem total number of rays per mm, number of uniseriate
rays per mm, number of rays > 4-seriate per mm, ray width
in conducting phloem (cells per ray), ray / sieve-tube fraction,
%; and ray / sieve-tube fraction in nonconducting phloem, %o.

Measurement data (sample size) for each anatomical trait
were combined across each site and for all three model trees.
Thus, for each character one parameter based on 15-32(112)
measurements was obtained for statistical analysis. For each
age range and site (Tables 2, 3) we analysed stem diameters,
tissue, and cell characters to calculate the sample mean (SM)
and its 95 % confidence interval (CI) using Student’s t-dis-
tribution. Non-overlapping Cls were considered to indicate
significant differences between SM. This approach is essen-
tially equivalent to Student’s t-test for comparing mean values
of two samples. We therefore compared the SM of each trait
at volcanic and typical sites within the same age class.

Least-squares regression analysis was used to examine
age trends (patterns of variation in bark traits with age and
stem diameter) at volcanic and reference sites. Regression
equations and coefficients of determination (R?) were re-
ported for each trend. These age-related trends allowed us
to assess the rate and direction of change in bark traits,
given the different ages and diameters of trees at each site.
Statistical analyses were performed using R version 4.2.0 (R
Core Team, 2022) and Microsoft Excel.

RESULTS

Stem diameter—age trends and
rhytidome initiation

We analysed variations in stem diameter with age in
B. ermanii trees from typical environments on Sakhalin Is-
land and from the thermal springs of Baransky Volcano,
Iturup Island (Tables 1, 2; Fig. 2). Age and stem diameter
(in both twigs, branches and trunks) exhibit an almost linear
relationship in logarithmic coordinates, as demonstrated by
analyses based on the entire dataset (Fig. 2). The curvature
of this relationship is slight but differs in sign between
habitats: it is positive (0.204) under typical conditions and
negative (-0.001) under volcanic ones (Fig. 2). Notably,
the pronounced divergence of the curves describing the
relationship between age and stem diameter at older ages
may reflect more favourable light conditions for trees at
site T2. The correlation between age and stem diameter is
very strong, with coefficients of determination exceeding
R* = 0.96 across all sites (Fig; 2).

Up to 25-30 years, the diameters of branches and young
trunks at the site VA were slightly larger and their increase
with age was faster than at the typical site (Table 2;. Fig, 2).

Botanica Pacifica. A journal of plant science and conservation. 2025. 14(2):11-34 15
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1000

lgy = -0,0011 Ig’ + 1,0276 Igx + 0,3348
R' = 0,958

Stem diameter, mm

Igy = 0,2038 Ig' + 0,7387 Igx + 0,3209
R’ = 0,985

7 T 5. 3 .',1:3

20 ' " 50 100 200

Stem age

Figure 2 Log-linear regression of stem diameters on age in Betula ermanii Cham.: green line and points are typical sites (IT'1 and T2) on
Krasnaya & Bolshevik Mts, Susunai Range, Sakhalin Island; blue line and points are the site VA on Baransky Volcano, Grozny Range, Iturup
Island; regtession equations and coefficients of determination (R? are shown in boxes

After 25-30 years an inversion occurred: mature trunks were
significantly smaller and their increase with age was slower
than at the typical site (Fig. 2). Based on the logarithmic
trend, we can expect that at 100 years trunks at the site VA
will reach about 230 cm in diameter, whereas at the typical
site they will be 1.8 times larger (409 cm) (Fig. 2).

The trends also indicate that thytidome formation in
B. ermanii depends on both age and stem diameter (Fig. 2).
At the typical site, rhytidome was first observed on stems
of 54-year-old trees, whereas in the volcanic environment it
appeared at about 63 years. At this age, stem diameter at the
typical site was 1.2 times larger (Table 2; Fig. 2). Rhytidome
occupied extensive areas of bark trunks at the site VA
from 73 years of age with an average diameter of 149
mm, and at the typical site from 69 years with an average
diameter of 226 mm (a 1.5-fold increase) (Table 2; Fig. 2).
Thus, rhytidome initiation occurred at similar ages and
trunk diameters in both environments, while its extensive
development occurred at comparable ages but with smaller
trunk diameters at the volcanic site.

Ontogenetic changes in phloem ray of
crown twigs and branches

The bark structure, phloem rays, and axial parenchyma
of B. ermanii were described in our previous work (Kopa-
nina et al. 2022). In 1-year-old bark, the outer layer con-
sisted of the first periderm (Fig. 3A,B). The diameters of
1-year-old twigs were close in both habitats, allowing direct
comparison of phloem structure (Tables 2, 3; Figs 2, 4, 5).
All secondary phloem rays were direct extensions of xy-
lem rays, retaining the same orientation (Fig. 3C, D). Rays
contained procumbent, square, and upright cells intermixed
throughout, with an average height of about 300 pm. By the
end of the growing season, ray cells in the early secondary
phloem became dilated due to growth (Fig. 3E,F). At

the site T1, the total number of rays in 1-year-old bark
was 27-28 per mm, with most being uniseriate (25-26
per mm) (Table 3; Fig. 4A—D). Occasional 2—3-seriate and
rarely 4-seriate rays were also present. At the site VA, the
number of both uniseriate and multiseriate rays was signi-
ficantly lower (23-25 per mm) compared to the typical site
(Table 3; Fig. 4A-D). The axial parenchyma was diffuse and
showed no distinctive features in the volcanic environment
(Fig. 3E,F).

The ring zone of nonconducting phloem first appeared
in 2-year-old bark (Fig. 6C—F). Twigs diameters in 2-year-
old did not differ substantially between sites (Tables 2, 3;
Figs 2, 4, 5). At the site T1, the widths of conducting and
nonconducting phloem were equal (40 um), whereas at
the site VA they measured 50 um and 34 pum, respectively
(Table 3; Fig. 6C,D). Rays in both zones expanded through
cell enlargement (Fig. 6E,F). Some rays exhibited pronoun-
ced cell dilatation, while in others the cells did not expand
(Fig. 6E,F). Cortex—phloem contact was maintained by pa-
renchyma cells between sclereids and protophloem fibres
(Fig. 6C,D). The total number of conducting phloem rays
decreased by ~60 % compared with 1-year-old bark: 18—20
rays per mm at the site T1 and 18-19 per mm at the site
VA (Table 3; Fig, 4A,D). This reduction was mainly due to
the loss of uniseriate rays (Table 3; Fig. 4C,D). Ray widths
in conducting phloem were similar across sites (Table 3;
Fig. 4E,F). The axial parenchyma remained diffuse and
featureless in the volcanic habitat (Fig. 6E, F).

In 5-year-old bark, the surface consisted of peeling phel-
lem layers formed by the first periderm (Fig, 7A,B). The twigs
diameters at the site VA were slightly larger compared with
those at the typical site (Tables 2, 3; Figs 2, 4, 5). At the site T'1,
nonconducting phloem was already three times wider than
conducting phloem, and at the site VA 5.5 times wider (Table
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Ontogenetic trends in phloem ray structure: adaptation to volcanic activity

o |

Figure 3 Bark of 1-yr old stems of Betula ermanii Cham. from southern Sakhalin and Iturup (site VA) Islands: A, C, E —site T1; B, D, FF — (site
VA); A, B — outer surface of stem bark; C, D —bark; E, FF — inner bark zone; transverse section; red small dotted line is a phellogen; red dotted
line is a vascular cambium. Abbreviations, stand for names of bark tissues: axial parenchyma (ap), bark (b), cortex (co), conducting phloem
(cph), dilated ray (dr), dilatated nonconducting phloem (dnph), sclereids group (gsc), lenticel (I), nonconducting phloem (nph), periderm
(pe), primary phloem (pph), protophloem fibers (pf), phellem (pl), ray (r), pseudocortex (pco), rhytidome (rh), sclereids (sc), sclerified

nonconducting phloem (snph), sieve-tube element (st)

3; Fig. 7C,D). Phloem parenchyma dilated as rays expanded,
with some rays forming wedge-shaped structures in the
nonconducting phloem (Fig. 7C,D). Expansion occurred
through both cell growth and cell division. A continuous
sclerenchyma ring developed from protophloem fibres and
brachysclereids derived from rays and axial parenchyma
(Fig. 7C,D). The total number of rays in conducting phloem
continued to decline (Table 3; Fig. 4A,D). The vascular cam-
bium progtressively ceased producing uniseriate and biseriate
rays, while still generating multiseriate rays, both towards
phloem and xylem (Table 3; Fig. 4E,F). Uniseriate rays,
however, remained predominant. In typical sites, 13—14 out
of 15 rays per mm were uniseriate (Table 3; Fig, 4A,D), whe-
reas at the site VA only 5-7 out of 11 rays per mm were uni-
seriate. Ray width at the site VA increased to 2.6-3 cells on

average (Table 3; Figs 4E,F, 7). Ray and sieve-tube fraction
in conducting phloem was similar across sites (20-21 %
and 64—66 %, respectively; Table 3; Fig. 5A,D). Comparable
values were found in the nonconducting phloem (23-27 %
and 58—60 %; Table 3; Fig. 5SE-H). Axial parenchyma was
diffuse and featureless in the volcanic site (Fig. 7E,F).

By 10 years, nonconducting phloem accounted for neat-
ly half of total bark width (Table 3; Fig. 8C,D). The diffe-
rence in branch diameters between 5 and 10 years persisted
between the volcanic and typical habitats (Tables 2, 3; Fig. 2).
Stem diameters at the site VA were 1.2-1.5 times larger
(Table 2; Fig. 2). Ray dilatation dominated in nonconducting
phloem, with wedge-shaped rays regularly present in its
outer layers (Fig. 8CD). Sclereid groups appeared in the
outer nonconducting phloem, contacting the sclerenchyma

Botanica Pacifica. A journal of plant science and conservation. 2025. 14(2):11-34 17
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Figure 4 Relationships between phloem ray traits in the conducting phloem and tree age and stem diameter of Besula ermanii Cham. from
southern Sakhalin and Iturup Islands: A, B — total number of rays per mm; C, D — number of uniseriate rays per mm; E, F — ray width (cells
per ray); green lines are typical sites (T'1 and T2) on Krasnaya & Bolshevik Mts, Susunai Range, Sakhalin Island; blue lines are the site VA on
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confidence interval (CI); regression equations and coefficient of determination (R?) ate given in boxes. The proportion of variance explained
by this relationship below 0.67 is indicated by dotted lines (green and blue)

ring formed earlier (Figs 7C,D; 8C,D). These groups con-
tained sclerified axial and ray parenchyma cells together
with obliterated sieve-tube (Fig. 8E,F). At the site VA,
rays in the inner nonconducting phloem were noticeably
wider and more multiseriate (Figs 4E,I 8), giving a higher
volume (30-32 % vs. 26-28 % at the site T1; Table 3;
Fig. 5E,F). In conducting phloem, the ray and sieve-tube
fraction remained unchanged compared with 5-year-old
bark (Table 3; Fig. 5A—D,G,H). The decreasing trend in total
rays, especially uniseriate ones, continued: at the site T'1, 8-9
out of 13-14 rays per mm were uniseriate, while at the site
VA 7-8 out of 11-12 were uniseriate (Table 3; Fig. 4A-D).
Ray width in conducting phloem averaged close to 3 cells
in both sites (Table 3; Fig. 4E,F). From 10 years onward,
procumbent cells dominated ray composition. The axial
parenchyma remained diffuse without distinctive features in
the volcanic habitat (Fig, 8E,F).

Botanica Pacifica. A journal of plant science and conservation. 2025. 14(2):11-34

Ontogenetic changes in phloem ray of
main stems (trunks)

In B. ermanii, young trunks or large branches (20-35
years) showed comparable stem diameters across habitats
(Tables 2, 3; Fig, 2). The nonconducting phloem accounted
for 70-80 % of total bark width (Table 3; Fig. 9C,D). All
parenchyma in this zone were dilated, more strongly in
the outer layers (Fig. 9C-F). In the inner nonconducting
phloem, ray dilation occurred mainly by cell enlargement
and less frequently by cell division, while in the outer layers
cell division was dominant. In cross-section, rays in the
inner nonconducting phloem became wavy (Fig. 9C-F).
Broad wedge-shaped rays appeared in the central part of
the nonconducting phloem, but unlike in younger bark, they
did not determine the overall structure (Fig. 9C-F). Annual
layering was visible in the inner nonconducting phloem, ex-
tending back 10-15 years, marked by alternating zones of
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large sieve-tube lumens in early phloem and narrow bands
of dilated axial parenchyma in late phloem (Fig. 9E—H).
Sclereids occurred singly or in clusters of varying size
(Fig. 9C-F). Toward the stem periphery, sclereid clusters
became larger, forming a zone of sclerified nonconducting
phloem (Fig. 9C-H). At the site T1, the ray fraction in
nonconducting phloem was 17-18 %, and the sieve-tube

20

tree age and stem diameter of Bezula ermanii Cham. from southern
%; C, D — sieve-tube fraction in conducting phloem, %; E, F — ra
> g p > > y

fraction 72-75 %, whereas at the site VA these values
were 23-24 % and 65-69 %, respectively (Table 3; Fig.
5E—H). In conducting phloem, ray fractions were lower:
12-17 % at the site T1 and 13-14 % at the site VA (Table
3; Fig. 5A,B). In contrast, sieve-tube fractions in conducting
phloem exceeded those in nonconducting phloem at both
sites, reaching 75-81 % (Table 3; Fig. 5C,D,G,H). The total

Botanica Pacifica. A journal of plant science and conservation. 2025. 14(2):11-34
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VA); A, B — outer surface of stem bark; C, D — bark; E, FF — inner bark zone; transverse section; red small dotted line is a phellogen; red dotted
line is a vascular cambium. Abbreviations as in the Fig. 3

number of conducting phloem rays, including uniseriate
rays, decreased: at the site T1 there were 10-11 rays per
mm (5—6 uniseriate), while at the site VA there were 8-9
rays per mm (45 uniseriate) (Table 3; Fig. 4A-D). Average
ray width in conducting phloem was 3-3.5 cells (Table 3;
Figs 4E,F, 9G,H). Ray height was about 250 pum.

Trunks older than 54-56 years differed markedly in dia-
meter between habitats, unlike branches (Tables 2, 3; Fig. 2).
By 70 years, main stems at the site Tl were nearly twice as
wide as those in the volcanic habitat. Logarithmic models of
stem diameter versus age, and vice versa, indicated that these
differences increased with time (Tables 2, 3; Fig, 2). In such
trunks, rhytidome developed at the batk periphery (Figs 3,
6-9A,B, 10), first appearing at the site T'1 in 54-year-old bark
(Fig. 10C) and at the site VA in 63-year-old bark (Fig. 10E),
despite stem diameter differences, as new periderms formed
deep in the peripheral nonconducting phloem (Fig. 2).

The nonconducting phloem accounted for 80-95 % of
bark width (Table 3). Dilation and sclerification in mature
bark were diffuse and uneven in axial parenchyma and rays
(Figs 10D,E, 11A,B). In outer nonconducting phloem, axial
parenchyma dilated mainly through cell division, with mini-
mal cell enlargement, while in inner layers dilation was pri-
marily by cell enlargement. Toward the periphery, cell divi-
sion and enlargement occurred at similar rates. At the site
VA, dilation of peripheral nonconducting phloem was more
pronounced than at the sites T'1 or T2 (Figs 10D,E, 11A,B).
Unlike typical sites, wedge-shaped zones of dilated non-
conducting phloem parenchyma were common at the site
VA, visible in cross-section between large sclereid clusters
(Figs 10E, 11B,D). These zones included one or more di-
lated rays and involved cortex or pseudocortex tissues.
Here, axial parenchyma dilation exceeded ray dilation, while
in the inner batk, ray dilation predominated (Fig. 11B,D).

Botanica Pacifica. A journal of plant science and conservation. 2025. 14(2):11-34 21
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Figure 7 Bark of twigs of Betula ermanii Cham. from southern Sakhalin and Iturup (site VA) Islands: A, C, E — 5-yr old stem, site T1; B, D,
F — 6-yr old stem, site VA; A, B — outer surface of stem batk; C, D — batk; E, F — inner bark zone; transverse section; red small dotted line is
a phellogen; red dotted line is a vascular cambium. Abbreviations as in the Fig, 3

Axial parenchyma dilation was confined to sclerified zones
where sclereid groups formed. At the site VA, ray width
increased markedly in the transition from conducting to
nonconducting phloem, driven by cell division, giving rays a
bottle-shaped profile in cross-section (Fig. 11B,D).

At the site VA, the ray fraction increased 1.6-fold in
conducting phloem and 1.7-fold in nonconducting phloem,
reaching 21-23 % and 39-41 %, respectively (Table 3;
Fig. 5ABE,F). Conversely, sieve-tube fractions declined
(Table 3; Fig. 5C,D,G,H). Ray heights in conducting phloem
of mature stems ranged from 170 to 200 um. In noncon-
ducting phloem, ray fractions increased steeply with age
at the site VA but remained stable at typical sites (Table 3;
Fig. 5EF). Corresponding sieve-tube fractions follo-
wed opposite trends (Fig. 5G,H). In conducting phloem,

divergence in ray and sieve-tube fractions between sites was
evident only in mature bark (Table 3; Fig. 5A-D).

In conducting phloem of trunks older than 54-56
years, the total number of rays, including uniseriate rays,
reached their lowest values across the lifespan and was simi-
lar between sites: 8—9 rays per mm, of which 4-5 were uni-
seriate (Table 3; Fig. 4A—D). In 73-year-old bark at the site
VA, the number of uniseriate rays in conducting phloem
dropped further to 2-3 per mm (Table 3; Figs 4C,D).
Age- and stem diameter-dependent
regression of phloem ray traits

Regression analysis of ray traits against age and stem
diameter revealed broadly similar trends across habitats
(Fig. 2). The total number of rays and uniseriate rays in
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Figure 8 Bark of branches of Betula ermanii Cham. from southern Sakhalin and Iturup (site VA) Islands: A, C, E — 10-yr old stem, site T1; B,

D, F — 12-yr old stem, site VA; A, B — outer surface of stem batrk; C, D — bark; E, F — inner batk zone; transverse section; red small dotted
line is a phellogen; red dotted line is a vascular cambium. Abbreviations as in the Fig. 3

the conducting phloem decreased logarithmically in both
volcanic and typical sites, up to 24 years at the site VA
(R? = 0.916 and 0.890) and in typical sites (R* = 0.917
and 0.947) (Fig. 4A,C). Comparable relationships with
stem diameter were observed up to 69 mm at the site VA
(R? = 0.858 and 0.824) and in typical sites (R* = 0.851 and
0.894) (Fig. 4B,D). Beyond these thresholds, ray numbers in
the conducting phloem stabilised, both in young trunks at
the site VA and in mature trunks at typical sites (Fig. 4A-D).
Timelines for these traits at the site VA were consistently
lower, although significant differences emerged only at
certain ages (Fig. 4A-D).

In mature trunks, ray width in the conducting phloem
reached no more than three cells at the site VA, compared to
3.54 cells in typical sites (Fig. 4E,F). Ray width followed a

logarithmic relationship with age and stem diameter at both
habitats (R* = 0.801 and 0.799 in typical sites; R* = 0.826 and
0.813 at the site VA), with similar overall values (Fig. 4E,F).

Fractions of rays and sieve-tube in the conducting
phloem also followed a logarithmic model in the typical ha-
bitat (R? = 0.726 and 0.836 for age; R* = 0.673 and 0.788
for stem diameter) (Fig. 5A—D). At the site VA, the same
tendencies were evident — a slight decrease in the ray frac-
tion and an increase in sieve-tube — but with weaker expla-
natory power (R? < 0.67).

In the nonconducting phloem, ray and sieve-tube frac-
tions remained constant with increasing age and stem dia-
meter in the typical habitat, whereas at the site VA they rose
sharply in large-diameter, older trunks, beginning even before
sequent periderms formed the rhytidome (Fig. 5E-H).
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Figure 9 Bark of branches and young main stems (trunks) of Beswla ermanii Cham. from southern Sakhalin and Iturup (site VA) Islands: A,
C, E, G — 23-yr old stem, site T1; B, D, E, H — 24-yr old stem, site VA; A, B — outer surface of stem batk; C, D — total bark; E, F — middle
and inner bark zone; G, H — inner bark zone; transverse section; red small dotted line is a phellogen; red dotted line is a vascular cambium.
Abbreviations as in the Fig. 3
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Figure 10 Outer mature bark of Bezula ermanii Cham. main stems (trunks) from southern Sakhalin and Iturup (site VA) Islands: A, C, D — site
T1; B, D, F —site VA; A — 63-yr old bark, outer surface of bark; B — 80-yr old bark, outer surface of bark; C — 69-yr old bark, outer batk zone;
D — 54-yr old bark, outer & middle inner bark zone; E — 73-yr old bark, total bark; transverse section; red small dotted line is a phellogen; red
dotted line is a vascular cambium. Abbreviations as in the Fig. 3

DISCUSSION

Stem diameter vs. tree age patterns:
drivers of phloem parenchyma changes

A linear increase in bark width and nonconducting
phloem with age has been reported for B. ermanii across
different habitats (Kopanina et al. 2022). One might expect
stem diameter to increase in a similar manner. However,
our results show that stem diameter in B. ermanii increases
with age and height according to a logarithmic model, with
a high coefficient of determination (Fig. 2). Age and stem
diameter (twigs, branches and trunks) were logarithmically
related (R? = 0.985 at the typical site; R* = 0.958 at the

site VA) (Fig. 2). It should be noted that the relationship
between age and stem diameter at older ages under typical
conditions was almost linear (Fig. 2). We suggest that this
may be related to more favourable light conditions for trees
at site T2. These trends indicate that diameter growth is
much faster at young ages than in mature trees (Fig. 2). A
similar non-linear pattern was noted in forestry studies,
where birch was described as fast-growing in height during
the first 15-20 years, while diameter growth lagged (Manko
1967, Kabanov 1972).

In the volcanic habitat, stem diameter trends had two
distinct features: higher growth rates in twigs and branches
(young stems), but lower rates in mature trunks (Fig 2). We
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Figure 11 Inner mature bark of Besula ermanii Cham. main stems (trunks) from southern Sakhalin and Iturup Islands: A, C — 54-yr old bark
from the site T1; B, D — 73-yr old batk rom the site VA; A, B — middle & inner batk zone; C, D — inner batk zone; transverse section; red
dotted line is a vascular cambium. Abbreviations as in the Fig. 3

suggest that large diameters of young stems in this environ-
ment reflect compensatory growth following crown damage.

The relationships between stem diameter and age
under contrasting conditions highlight differences not
only in growth rates but also in ray trait patterns between
crown twigs and branches vs. main stems (mature
trunks) (Figs 4, 5). Given the consistently high regression
coefficients for both age and diameter (Figs 2, 4, 5), our
data do not allow us to identify one factor as the dominant
driver. Because studies explicitly addressing whether age,
diameter, or height best explains phloem parenchyma
or sieve-tube variation remain scarce (Quilhé et al. 2000,
Savage et al. 2017, Losada & Holbrook 2019, Clerx et al.
2020), and because phloem function is tightly coupled with
xylem (Pfautsch et al. 2015), we drew on more extensive
xylem studies for interpretation.

In wood anatomy and functional ecology, the problem
of separating age and diameter effects is well recognised, as
both influence tissue structure, especially ray and axial paren-
chyma (von Arx et al. 2015). Tree age and trunk diameter/
height are strongly correlated: older trees tend to be larger,
but the relative rates of diameter and height increment vary
by species, individuals, and conditions (von Arx et al. 2015,
Meng et al. 2021). This complicates interpretation, since
disentangling mechanical effects of increasing diameter
from age-related changes in cell programmes is difficult
without targeted experiments.

Evidence from xylem indicates that diameter exerts
the more direct effect. It influences tracheid conductivity
(Spicer & Gartner 2001) and the distribution, density, and
size of rays (Meng et al. 2021, Rungwattana & Hietz 2018).
With increasing diameter, ray fraction and dimensions ty-
pically rise, while ray density falls — a pattern explained as
a functional adjustment to greater mechanical load, longer
transport pathways, and increased storage demand (Meng et
al. 2021, Rungwattana & Hietz 2018). Thus, stem diameter
is often interpreted as the stronger predictor of xylem ray
variation compared with age. This interpretation is suppot-
ted by direct statistical tests comparing age and diameter as
drivers of radial variation (Rungwattana & Hietz 2018). At
the same time, those authors emphasised that strong corre-
lations between diameter and age (R* = 0.64-0.77) make it
difficult to fully separate their effects. A comparable con-
clusion was reached in analyses of phloem and xylem hyd-
raulic traits in relation to stem height and diameter (Jyske
& Holttd 2015). Under very strong collinearity (R* = 0.93),
local diameter provided only partial explanatory power for
variation in conductive element dimensions in both tissues.

In our data for B. ermanii, the correlation between age
and stem diameter exceeded 0.96, with unique size variation
accounting for less than 4 % (Fig. 2). Under such condi-
tions, the statistical power to detect a “pure” effect of dia-
meter at fixed age is extremely low. However, the absence
of statistical significance for the size predictor should not
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be taken as evidence of no biological effect. In practice,
our data do not allow a meaningful separation of age and
diameter effects.

Age, by contrast, is more commonly used as a key fac-
tor in characterising ontogenetic stages of transport tissues.
Differences in xylem and phloem across ages are linked
to cambial structural changes (Pfautsch et al. 2015, Onye-
nedum & Pace 2021, Lev-Yadun 2025). We discuss our re-
sults in relation to cambial age later in the text. Some studies
identify age as the primary driver of xylem hydraulic traits
(Li et al. 2019), while others emphasise age together with
height as closely linked predictors (Park et al. 2009). In such
cases, part of the observed variation may reflect differences
in stem diameter and plant height.

Accordingly, in studies of xylem and phloem structure,
the choice between age and stem diameter depends on the
framework adopted: hydraulic hypotheses often use local
diameter and axial position as mechanistic predictors, whe-
reas the ontogeny of transport tissues as cambial derivatives
is more appropriately described in terms of age.

Ontogenetic transitions of phloem rays:
from crown twigs and branches
to main stems

Bark tissue transformations in B. ermanii from the age
of 5 years onward — including dilatation, sclerification, and
the formation of sequent periderms — occurred at similar
ages across the study sites despite differences in stem dia-
meter (Figs 7—10). Variation in phloem traits during onto-
geny is closely linked to increasing parameters of tree ha-
bitus: age, height, and stem diameter. A direct positive allo-
metric correlation is well documented between plant height
(ength of the transport pathway) and both the width and
length of sieve-tube elements, for phloem (Jyske & Holttd
2015, Savage et al. 2017, Losada & Holbrook 2019, Kopa-
nina & Vlasova 2019, Clerx et al. 2020, Kopanina et al. 2022,
Tarelkina et al. 2024) and for tracheids or vessel members in
xylem, regardless of climate or life form (Olson et al. 2020,
2021, Onyenedum & Pace 2021).

The vascular cambium, producing secondary xylem
(wood) and secondary phloem (inner bark), underlies se-
condary growth and axial organ thickening (Evert 2000,
Pfautsch et al. 2015, Onyenedum & Pace 2021, Lev-Yadun
2025). Because phloem and xylem share developmental
origins and functional roles in solution transport, data on
wood rays are relevant for interpreting phloem rays. Our
study shows that the allometric correlations identified for
xylem rays (Onyenedum & Pace 2021) also apply to phloem
ray traits in B. ermanit.

Across ontogeny, bark supports carbon transport via
the phloem, photosynthesis in parenchyma, and protection
from the environment (Wittmann & Pfanz 2007, Pfautsch
et al. 2015, Vandegehuchte et al. 2015, Alonso-Serra et
al. 2019). Carbon transport involves long-distance flow
through sieve-tube and radial redistribution via parenchyma
(Esau 1953, 1977, Evert 2006, Pfautsch et al. 2015, Van Bel
2021). Phloem rays, together with axial parenchyma, cortex,
and phelloderm, form the short-distance transport path-
way toward sinks in actively dividing tissues (Evert 20006,
Pfautsch et al. 2015, Van Bel 2021). The age-related changes

in phloem rays observed in both volcanic and reference
sites therefore indicate functional shifts in carbon allocation
between young and mature bark.

Xylem ray width, composition, and conductive elements
vary with age, reflecting the activity of ray and fusiform
initials (Evert 20006, Pace & Angyalossy 2013, Pace et al.
2015, Onyenedum & Pace 2021). Similarly, in B. ermanii
sieve-tube elements enlarged and clustered with age (Ko-
panina et al. 2022), increasing conducting phloem width
(Table 3, Figs 3, 6-9, 10A,B). Ray traits of conducting
phloem showed parallel ontogenetic shifts.

Consistent with Carlquist’s (2001) hypothesis, young,
narrow stems produce upright and square ray cells favoring
axial transport, whereas older, wider stems produce pre-
dominantly procumbent cells supporting lateral flow. In
B. ermanii, procumbent cells became predominant from 10
years of age in both volcanic and reference habitats. During
the same period, uniseriate rays decreased by half, while
2-3-seriate rays became common (Table 3, Fig. 4C-F). Ray
width increased logarithmically with age, as in many trees
(Evert 20006), but in B. ermanii it did not exceed 3-3.5 cells
even in 100-year-old trunks, comparable to values in
10-20-year-old stems (Table 3, Fig, 4E,F).

With age, in B. ermanii, the total number of rays in con-
ducting phloem decreased in both environments (Table 3,
Fig. 4A,B). Structural traits of sieve-tubes and rays followed
logarithmic patterns early in ontogeny, with sieve-tube traits
increasing (Kopanina et al. 2022) and ray traits decreasing
(Figs 4, 5A-D). Only ray width increased logarithmically
(Fig. 4E,F). Ray/sieve-tube fractions also showed opposite
logarithmic trends (Fig. 5A—D). These patterns highlight fas-
ter changes in crown twigs and branches than in main stems
(Figs 4, 5), consistent with the species’ rapid early growth.

Importantly, strong logarithmic trends in ray traits were
evident only in young bark of B. ermanii up to 25-35 years
old (Figs 4, 5A—D). In mature and old bark, the traits reached
a plateau. This indicates that the eatly developmental
trajectories of phloem rays in twigs and branches cannot
be directly extrapolated to main stems. Similar ontogenetic
patterns have been documented in rays (Khan et al. 1981,
Tsuchiya & Furukawa 2010) and in axial wood systems of
many woody species (Khan et al. 1981, Carlquist 2001, von
Arx et al. 2015, Pace et al. 2018, Onyenedum & Pace 2021).

Phloem ray traits: functional
implications and adaptive signals
under volcanic stress

The age-related trends in the total number of phloem
rays, including uniseriate rays, in the conducting phloem
of B. ermanii showed that values at the site VA (Baransky
Volcano) were significantly lower — by 1.4 to 2 times — than
at typical sites (Table 3, Fig. 4A-D). Moreover, the extent
of decrease from 1-year-old to mature bark differed: at the
typical site, the total number of rays declined threefold,
while at the site VA it decreased 2.8 times. For uniseriate
rays, the decline was even more pronounced — 6.2-fold at
the typical site and 9.3-fold at the volcanic site (Table 3,
Fig. 4A—D). The response to volcanic stress became evident
as eatly as 5 years, when the ratio of nonconducting to
conducting phloem width increased 5.5 times at the volcanic
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site compared with 3 times at the typical site (Figs 4, 5). At
this stage, the proportion of uniseriate rays fell to 55 % at
the site VA, while at the typical site it remained at 90 % of
all rays (Table 3, Fig. 4A—D). Only in mature bark at the
typical site did the proportion of uniseriate rays eventually
drop to 52 %, whereas in the volcanic habitat it declined
further to 30 % by 73 years (Table 3, Fig. 4A-D). From
25-35 years onward, the number of rays in the conducting
phloem reached a plateau in both environments (Table 3,
Fig. 4A—D). This occurred despite the fact that mature main
stems (trunks) in volcanic habitats were 1.7 times smaller in
diameter than those from the typical site. Similar decreases
in ray numbers, interpreted as a nonspecific stress response,
have also been reported in the secondary xylem of Arctic
shrubs and dwarf shrubs (Chavchavadze & Sizonenko
2002). In Pinus sylpestris L., reductions in axial phloem paren-
chyma were recorded under industrial and recreational
stress in the suburbs of Krasnoyarsk (Skripalshchikova et
al. 2009). By contrast, increases in the number of xylem
and phloem rays under chronic aeropollution from large
industrial facilities in Krasnoyarsk were clearly induced by
heavy metal emissions (St, Zn, Ni, Cr) in Befula pendnla Roth
(Stasova et al. 2011, 2013).

The increase in ray width with age in the conducting
phloem did not differ significantly between sites, although
notable differences were recorded in specific years (1, 5,
and 5473 years) (Table 3, Fig. 4E,F). The number of rare
large (4-seriate) rays in the conducting phloem also did not
differ significantly between sites. However, their abundance
was consistently lower at the site VA than at the typical site.

Age-related trends in the fractions of rays and sieve-tubes
in the inner bark — within both the conducting and noncon-
ducting phloem — were particularly striking in the volcanic
habitat (Fig. 5). In mature trunks at the site VA, ray fraction
increased 1.3—1.5 times, while the fraction of sieve-tubes in
the conducting phloem decreased accordingly. In contrast,
under typical conditions the ray fraction in the conducting
phloem decreased by 70 % from 1-year-old to old bark
(Table 3, Fig. 5A,B). Conversely, in the volcanic environment,
ray fraction in mature stem bark increased by 94% relative to
1-year-old bark (Fig, 5A,B). In young bark, ray and sieve-tube
fractions were nearly identical across habitats (Fig. 5A-D).

A markedly different pattern was observed in the
nonconducting phloem. At the site VA, ray fraction was
1.5 times greater than at typical sites, while sieve-tube
fraction decreased (Fig. 5E—H). During growth in the
volcanic habitat, ray fraction in old bark increased by 1.5
times compared with 1-year-old bark, whereas at typical
sites such changes were negligible (Fig, 5E,F). This trend is
vividly reflected in transverse sections, where phloem rays
often acquired a bottle-shaped form due to active dilation,
visible in young trunks around 20 years old and in older
ones (Figs 9C-H, 10E, 11). At the same time, mature trunks
at the volcanic site had significantly smaller diameters than
those at the typical site.

We therefore argue that our results reveal deviations
from normal ontogenetic changes of phloem parenchyma
in the inner bark (conducting and nonconducting phloem)
under volcanic stress. We propose that the increase of

phloem parenchyma, at the expense of nonconducting
phloem, represents an adaptive response. Structural changes
in phloem rays may result from coordinated adjustments in
short-distance transport within bark tissues and wood of
B. ermanii, improving resistance to drought-induced vessel
embolism. The development of dilated parenchyma areas
may thus be triggered not only by girth growth but also
by environmental stressors such as drought or physiological
drought caused by salinity.

In this context, Lintunen et al. (2016) demonstrated
in living batk samples of adult Pinus sylvestris, Picea abies
(L.) H. Karst., Betula pendula, and Populus tremula L. across
Europe — from boreal Finland to Mediterranean Portugal
— that variation in secondary phloem water content is age-
dependent. Phloem osmolality increased under drought or
cold stress, with both conifers and angiosperms regulating
water content while solute levels remained stable (Lintunen
et al. 2016). Fire effects provide further evidence: in Pinus
sylvestris forests of the Lower Priangarie, low-intensity fires
caused an increase in phloem ray frequency, unlike medium-
and high-intensity fires (Stasova et al. 2020).

Studies of drought-induced embolism in xylem vessels
emphasize the importance of parenchyma: a high propor-
tion of axial parenchyma and xylem rays supports vessel in-
tegrity and hydraulic stability (Nardini et al. 2011, Plavcova
et al. 2016, Morris et al. 2018). In drought-prone limestone
areas of China, xylem hydraulic traits in 19 temperate
broadleaf species were closely linked to axial parenchyma,
particularly paratracheal parenchyma (Chen et al. 2020). On
a subtropical island in Japan, xylem parenchyma of 15 woo-
dy species showed strong associations with hydraulic func-
tion and carbohydrate storage, with both ray and axial pa-
renchyma playing a key role under conditions of low cavi-
tation resistance (Kawai et al. 2021). Recent studies in sub-
tropical montane angiosperms demonstrated that drought
adaptation involves not only immediate resistance to em-
bolism but also recovery of embolised vessels (Zhang et
al. 2024). A large-scale analysis of 173 tropical tree species
along an elevational gradient on Mount Cameroon revealed
that montane species are characterised by smaller vessels
and abundant radial parenchyma, traits enhancing drought
resistance. Notably, their scarcity of axial parenchyma
is compensated by rays composed of upright and square
cells (Plavcova et al. 2024). These features parallel those of
B. ermanii, adapted to a cool temperate maritime climate. We
suggest that the increased ray fraction observed in B. ermanii
under volcanic stress represents a functional adaptation
comparable to those found in woody plants across diverse
drought- and salt-affected regions.

Finally, a global analysis of over 2000 woody angio-
sperms showed a consistent association between xylem con-
ducting elements and axial parenchyma, but not with ray
parenchyma (Morris et al. 2018). This suggests contrasting
functional strategies: axial parenchyma co-adapts with con-
ductive elements for vertical long-distance transport, whe-
reas ray parenchyma is specialised for radial transport. More-
over, fine-tuned interactions between xylem and phloem
— mediated primarily by ray parenchyma — are crucial for
short-distance water transfer from phloem to drying xylem
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(Nardini et al. 2011, Pfautsch et al. 2015, Sevanto 2018).

The bark parenchyma, particularly the phloem paren-
chyma, is multifunctional, with resource storage as one of
its key roles (Evert 2006). Isotopic studies confirm that
nonstructural carbohydrates in phloem parenchyma are
central to maintaining transport balance across forest eco-
systems (Richardson et al. 2013, Plavcova & Jansen 2015,
Hartmann & Trumbore 2016, Plavcova et al. 2016, Furze
et al. 2018, Inagawa et al. 2023). In tree stems, substantial
sugar storage and exchange with older reserves indicate that
stems regulate not only long-distance transport but also
overall carbon balance (Richardson et al. 2013, Hartmann
& Trumbore 2016, Furze et al. 2018). In tropical forests, sa-
vannas, and rainforests, the inner bark contributes 17-36 %
of nonstructural carbohydrate reserves (Rosell et al. 2020).
At the whole-plant level, storage in bark parenchyma buffers
asynchrony between demand and supply on diel to decadal
scales (De Schepper et al. 2013, Hartmann & Trumbore
2016). In this framework, the enlarged rays in the noncon-
ducting phloem near the cambium likely act as reservoirs
of nutrients and water in B. erzanii stems under volcanic
stress (Figs 4, 5, 9, 10E, 11), supporting sink tissues such as
the vascular cambium and sapwood. Under stress, including
drought, large trees can meet up to 22 % of daily water
needs from parenchymal storage to offset transpiration
losses (Steppe et al. 2015).

Another essential role of phloem parenchyma, par-
ticularly at the bark periphery, is photosynthesis, which
supplies local carbon to sink tissues (Wittmann & Pfanz
2007, Vandegehuchte et al. 2015, Alonso-Serra et al. 2019).
Thus, carbon starvation is not solely a matter of reserve
size but also of local carbon availability for meristems and
division zones (Vandegehuchte et al. 2015). CO: recircu-
lation from bark photosynthesis can compensate 7-98 %
of carbon losses in woody tissues, with a median of 72 %
(Vandegehuchte et al. 2015). In volcanic habitats, we obser-
ved extensive zones of dilated peripheral parenchyma (non-
conducting phloem, cortex, and phelloderm) in B. ermanii
(Figs 9C-F, 10C-E). These tissues, critical for rhytidome
initiation, developed later and at smaller stem diameters at
the site VA compared to typical sites (Table 2, Figs 2, 10).
Even stronger habitat differences were observed in noncon-
ducting phloem width, which was more than twice as narrow
under volcanic stress, despite representing the major living
bark fraction (Table 3). This suggests that radial transport
pathways are shorter in stressed trees, conserving resources.
Combined with photosynthetic activity of peripheral bark
parenchyma in large stems and branches, this likely provides
additional carbon and water for B. ermanii in response to
crown reduction (Table 1).

Ultimately, bark structure and function determine the
adaptive potential and ecological strategy of trees. Functional
traits of bark and transport systems in woody plants are
thus key to identifying ecosystems and understanding their
dynamics (Bruelheide et al. 2018).

CONCLUSION

Analysis of stem diameter variation with age showed
that their relationship in B. ermanii is non-linear both in

favorable environments, where it grows as a tall tree, and
in stressful volcanic environments, where it remains low-
growing, The increase in stem diameter during ontogeny
followed a logarithmic law with high coefficients of deter-
mination. Our results suggest that, under volcanic stress,
growth retardation occurs in mature trunks, in contrast
to typical sites. These findings confirm eatlier reports for
many woody plants that habitus and both radial and axial
systems derived from the vascular cambium are linked by
direct positive allometric correlations.

Using statistical methods, we examined the structural res-
ponses of B. ermanii phloem rays to volcanic stress, which in-
duces a state of physiological drought in trees growing near
the thermal springs of Baransky Volcano on Iturup Island.
By examining age-related trends, we were able to assess
the rate and pattern of bark trait variation in contrasting
environments. This approach, first introduced and applied
to the study of volcanic stress by Kopanina et al. (2022),
also helped us to circumvent the methodological difficulty
of comparing plants of different ages and, consequently,
different physiological states of the bark. The diversity and
multifunctionality of bark, determined by ontogenetic and
biomorphological features, present major challenges for
ecological studies. We argue that analysing trait dynamics
through age-related trends provides a robust framework
for identifying structural patterns of bark variation across
habitats and populations of different age structures.

Irrespective of environment, ontogeny of the conduc-
ting phloem in B. ermanii is characterised by a threefold
decline in the total number of rays, including a six- to nine-
fold reduction in uniseriate rays; a shift in ray composition
towards the predominance of procumbent cells from 10
years onward; and an increase in ray width to 3-seriate.
These ontogenetic trends followed logarithmic patterns
with high coefficients of determination up to 25-35 years
in young batk and reached a plateau in mature bark. Such
trends confirm eatrlier findings on age-related changes in ray
traits in secondary xylem.

At the same time, our data reveal deviations from these
reference ontogenetic trajectories in the volcanic environ-
ment. In young batk, the total number of rays, including
uniseriate rays, was up to twofold lower compared to ty-
pical sites, whereas in mature bark values converged. We
cannot yet explain this peculiarity, but suggest that it merits
targeted study under other stress conditions. Another sig-
nificant trend was the higher fraction of ray patenchyma
(1.5-2 times) in the inner bark of mature trunks in volcanic
habitats compared to typical sites. We propose that these
additional ray fractions represent coordinated structural—
functional changes enhancing radial transport and providing
local sources of water and carbon in the inner bark of
B. ermanii, thereby compensating for reduced crowns and
physiological drought.

Our study demonstrates that phloem ray development in
B. ermanii follows distinct patterns of ontogenetic change un-
der volcanic stress. The accelerated decline of unisetiate rays,
combined with a persistent increase in ray parenchyma frac-
tions in the nonconducting phloem, highlights structural de-
viations from typical ontogenetic patterns. These deviations
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likely reflect adaptive adjustments of radial transport and
storage functions under conditions of physiological drought.

However, several unresolved questions remain. It is still
unclear to what extent these changes in phloem parenchyma
are coordinated with xylem traits, and how they contribute
to whole-plant carbon and water balance. Addressing these
questions will require integrative studies combining detailed
anatomical data with physiological and ecological approa-
ches. We therefore consider our results as a first step to-
ward understanding the functional role of phloem rays in
the adaptation of woody plants to complex volcanic stress
regimes, and as a basis for future research into their broader
ecological and evolutionary significance.
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