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Abstract. Tree-ring formation studies are important for assessing the impact of environmental factors
on tree growth at intra-seasonal resolution. This information is necessary for understanding plant
acclimatization to current and expected climate changes. Little is still known about how tree age may
affect the duration and rate of annual ring formation. In this study, we investigated tree-ring formation
in Scots pine (Pinus sylvestris L.) trees of different ages (30- and 95-year-old trees) from the forest-
steppe zone in Southern Siberia. The main objectives were 1) to estimate the timing of cambial activity
by distinguishing the phases of division, enlargement, wall thickening, and maturation of tracheids
and 2) to compare the anatomical structure of the tracheids forming the annual rings of the differently
aged trees. Stem tissue was sampled weekly from April to September 2014. The results showed a 1-2
week difference in duration of the phases of xylem formation between the groups; in addition, the ring
width of the young trees was slightly narrower. The size of the tracheids of the entirely formed ring
(i.e. the results of the enlargement phase) did not differ between the groups whereas the dynamics
of the cell-wall thickness showed significant differences. The data obtained in the present study can
provide references to calibrate process-based models linking environment to wood formation. These
data can be used to benchmark time-explicit simulated measurements of annual ring increment and
cell anatomical structure against the corresponding parameters of mature trees growing under natural

conditions.

© Siberian Federal University. All rights reserved

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0).
*  Corresponding author E-mail address: mbryukhanova@sfu-kras.ru

ORCID: 0000-0002-2415-8019 (Fonti M.); 0000-0002-1355-4307 (Babushkina E.); 0000-0002-5189-5700 (Zhirnova D.);

0000-0001-9168-1152 (Vaganov E.)

— 197 —



Marina V. Fonti, Elena A. Babushkina... Xylogenesis of Scots Pine in an Uneven-Aged Stand of the Minusinsk Depression...

Keywords: Pinus sylvestris, xylem, cambial activity, radial tree-growth, wood anatomical features.

Citation: Fonti M.V., Babushkina E.A., Zhirnova D.F., Vaganov E.A. Xylogenesis of Scots Pine in an uneven-aged stand of the
Minusinsk Depression (Southern Siberia). J. Sib. Fed. Univ. Biol., 2020, 13(2), 197-207. DOI: 10.17516/1997-1389-0323

Oco0eHHOCTH KCHJIOTE€HEe3a COCHBI 00LIKHOBEHHOM
B Pa3HOBO3PACTHOM JIPEBOCTOE

MunycuHckoi KOTJI0BUHBI (FOQkHasgs Cudups)

M.B. ®ontn?, E.A. BadymkuHna®,

J.®. ’Kupnosa®’, E.A. Baranos™*

“Cubupckutl hedepanvbHblil yHUBepcumem
Poccuiickasa ®@eodepayus, Kpacnospck

S Xaxacckutl mexHuueckull uHcmumym, uauan
Cubupckoeo edepanvrozo yHusepcumema
Poccuiickasa ®eodepayus, Abaxan

‘Uncmumym neca um. B.H. Cykaueea CO PAH
@OUL] «Kpacnoapckuu nayunwii yenmp CO PAH»
Poccuiickaa ®eodepayus, Kpacnospck

AnHotanms. VccienoBaHusi ce30HHOro (OPMHUPOBAaHUSI KCUIIEMBI TOJIMYHBIX KOJICIl JIEPEBbEB
TI03BOJISTIOT OLIEHUBATH BIMSIHUE (PaKTOPOB CPEIbI Ha POCT IPEBECHBIX PACTEHHH C BBICOKHM BPEMEHHBIM
pa3pemeHneM U CKOPOCTh WX aalTalliy K TeKYIIUM U OKHJaeMbIM H3MEHEHHUsIM KinMata. Bee ere
HEJIOCTaTOYHO M3Yy4EHHBIM SBISETCS BOIPOC, KAK BO3PACT AEPEBHEB MOXKET BJIHATH Ha CKOPOCTh MX
pocTa U MPOAOKUTEIBHOCTh KCHIIOTEHe3a. B CBA3M ¢ 3THM LENbI0 HAIIEro MCCISIOBAHMS OBLIO
YCTAHOBHTH OCOOCHHOCTH CE30HHOTO ()OPMHUPOBAHMS TOAMYHBIX KOJIEI] COCHBI OOBIKHOBEHHOM (Pinus
sylvestris L.), npouspacratoiieii B 30He jecocrenu KOxHoit Cubupu, 1 1epeBbeB IBYX BO3PACTHBIX
rpynn (30 m 95 5meT) W MONYYHTH NaHHBIE O MPOMOJDKUTEIBHOCTH KaMOHWANBHONH AKTHBHOCTH,
PacTsKEHUHU Tpaxews, yTONIECHUH UX KJICTOYHON CTeHKU U MOSABICHUH 3PEBIX TPAXeH B KOJIbLE, a
TaKKE COIOCTABUTh AHATOMHUECKYIO CTPYKTY Py 00pa30BaHHBIX TOJUYHBIX KOJIEIl Y IEPEBHEB PA3HOTO
Bo3pacta. OTOOP CE30HHBIX 00PA3IOB MPOBOMMUIIN EXKEHEASIbHO B TeueHue 2014 1. ¢ ampens 1o
CeHTSI0pb. Pe3ynbTaThl HCCleIOBaHMS TTOKAa3aJIH, YTO JIIUTEIBHOCTD PA3NUYHBIX (a3 GopMUpOBaHUS
KCHJIEMBI Yy 3THUX TPYMI OTANYaIach Ha |-2 Hemedw, MpHU 3TOM B TEUCHHE CE30HA POCTA Y MOJIOJBIX
JiepeBbeB choOpMHUPOBAIIOCH OOJIEE Y3KOE KOJIBIIO C MEHBIIMM YHCIIOM KJISTOK IT0 CPABHEHUIO CO CTaphIMHU
JepeBbsiMu. PajinajibHble pa3Mepbl Tpaxeu]| MOJHOCTBIO CHOPMHUPOBAHHOIO KOJIbIA Y JIBYX TPy
JIEpEBbEB OCTABAJIHCH IIPAKTUUYECKH OJINHAKOBBIMH, TOT/1A KAK JMHAMHUKA TOJIIIHHBI KJIETOYHOH CTEHKH
NoKasalia 3HauuMble pa3nnyus. [loyryuyeHHbIe JaHHbIE MOT'YT OBbITh HCIOJIB30BaHbI B AaJIbHEHIIIEM KaK
BXOJISIIIIME MTapaMeTPbl MMUTAIIMOHHBIX MOJIENEH POCTa JIPEBECHBIX PACTEHUH U MO3BOJIAT MOIYYUTH
O1OJI0rnYecKr 00YCIOBICHHYIO COTIACOBAHHOCTD MEX/y U3MEPEHHOM N UMUTALIMOHHOM BeTMUYNHAMH

TOAUYHOrO IMMpUpoCTa U aHATOMHYECKOU CTPYKTYPbI KCUJICMBI.
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Introduction

The effect of short-term climatic fluctuations
(including weather anomalies) on the tree-ring
growth and productivity of tree species can
be assessed using xylogenesis observations
performed at a weekly resolution over the
growing season (Lobzhanidze, 1961; Vaganov,
Shashkin, 2000; Antonova, Stasova, 1997; Vieira
et al., 2009; Cuny et al., 2015; Rathgeber et al.,
2011). Such observations provide time-explicit
ecophysiological information on the process
of growth, linking physiological processes
(photosynthesis, transpiration, accumulation and
redistribution of carbohydrates, etc.) to structural
and functional changes in xylem and enabling
analysis of a wide range of factors influencing
plant growth with high temporal resolution
(Rinne et al., 2015; Steppe et al., 2015; Churakova
et al., 2016; Fonti et al., 2018). These data are
needed to understand current and to predict
expected multi-parameter tree-growth responses
to climate change.

To correctly interpret the environmental
variability of growth responses to environmental
changes, it is also important to investigate the
effects of ontogenetic processes on tree-ring
formation dynamics. For example, little is still
known about the effect of age on the rate and
duration of tree growth (different phases of
xylem formation). The few previous studies
reported that under equal environmental
conditions, young trees have an earlier onset and
a longer duration of each phase of xylogenesis
compared to the old trees (Rossi et al., 2008).

Therefore, young trees usually form a greater

number of cells during the growing period, are
more sensitive to drought, and more easily form
intra-annual density fluctuations (Rossi et al.,
2008; Kishchenko, 2014; Campelo et al., 2015;
Vieira et al., 2018; Popkova et al., 2018). The
discrepancy in the timing of the different phases
of xylem formation might cause variations in the
climate signal recorded by different parameters
of the tree ring such as the ring width, the cell
and the
wood density (Connor, Lanner, 1990; Vaganov,
Shashkin, 2000).

The aim of this study was to estimate the

anatomical structure, intra-annual

differences in the timing and rate of intra-annual
xylem formation in young (30 year-old) and old
(95 year-old) Scots pine trees growing in the
forest-steppe zone of Southern Siberia (Russia).
By quantifying the timing of cambial activity,
we also determined the onset and cessation
of different phases of tracheid formation such
as the division, enlargement, wall thickening,
and maturation and estimated impact of these
processes on the anatomical parameters of
tracheids forming the tree rings. Two groups of

trees of different ages were compared.

Materials and Methods

The study area is located in the forest-steppe
zone of Southern Siberia, close to the city of
Minusinsk (53°39’ N, 91°35’' E, 319 m a.s.l.). The
uneven-aged Pinus sylvestris L. stand is part of
the pine forest band of the Minusinsk Depression
(Fig. 1). The stand understory is composed of
shrubs (Caragana arborescens Lam., Cotoneaster

melanocarpus Fisch. ex Blytt., Rosa acicularis
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Fig. 1. A photograph of the study stand

Lindl.)) — 30%, and grasses (Iris ruthenica Ker.-
Gawl., Phleum phleoides (L.) H. Karst., Poa
pratensis L., Pulsatilla flavescens (Zucc.) Juz.,
Thalictrum minus L)) — 40-50%. The climate
is continental with an annual air temperature
of 1.2 °C and the total annual precipitation of
343 mm (data are retrieved from the Minusinsk
Meteorological Station of the Russian Research
Institute of Hydrometeorological Information for
the period of 1936-2015 (https://meteo.ru)).

To monitor tree stem radial growth,
wood cores 5-mm in diameter were collected
perpendicular to the stem axis at breast height
from 20 dominant and co-dominant pine trees
with regular growth and equally distributed
between two age groups. Annual tree-ring
width (TRW) was measured on each core using
a LINTAB measuring table combined with the
TSAP program (Rinntech, Heidelberg, Germany)
with 0.01 mm precision (Rinn, 1996). The time-
series obtained were visually cross-dated, and
dating quality was verified using the COFECHA

program (Holmes, 2001). Five trees per age group

(30 and 95 year-old ones) were chosen for further
xylogenesis observations.

Stem wood samples about 1 cm long
(including two—three annual rings of the preceding
growth years) were taken from the five young
and five old trees weekly from the beginning of
April to mid-September in 2014 using a Hagloff
increment borer (Sweden). Samples were taken
following a spiral pattern around the trunk at 5 cm
apart starting at breast height. After collection,
samples were immediately placed into cylindrical
containers with a glycerin-alcohol-water fixing
fluid (1:1:1). In total, seasonal wood samples were
collected 20 times over the growing period.

From each sample, a 15 pm-thin
microsection was cut with a Thermo Scientific
Microm HM 450 sledge microtome. Sections
were stained with 2% astra-blue and 1% safranin
solution to enhance contrast between lignified
and unlignified tissues. The sizes of different
zones of rings and the number and size of cells
were measured using an image analysis system

(Carl Zeiss, Jena, Germany) and AxioVision
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SE64 Rel. 4.9.1 software package, which made
it possible to determine the parameters of cell
structure in different parts of an annual ring in a
semiautomatic mode. Three tracheid radial rows
(from the internal towards the external tree-ring
boundary) were measured for each annual ring
and the values were then averaged.

The cells were assigned to the following
developmental zones: (1) cambial zone; (2) cell
extension zone; (3) zone of primary cell wall
lignification; and (4) mature tracheid zone. The
polarization filter was used to discriminate
between the cell extension zone and the zone of
primary cell wall lignification.

Tracheid

measured in the last collected sample, which

anatomical parameters were
included all mature tracheids formed during the
2014 growing season. Five radial rows of cells
with the largest cross-sectional area were selected.
The radial lumen diameter (LD) and double cell-
wall thickness (2CWT) were measured and then
used to calculate the radial size of tracheids
(D =LD + 2CWT). According to Mork’s index
(Denne, 1989), the ratio between the width of the
double cell wall and lumen diameter was used to
assign the tracheids to early (EW, 2CWT < LD)
and late wood (LW, 2CWT > LD) of each ring.
Because of the different numbers of cells within
the annual rings of the young and the old trees,
cell number (cell-wall thickness and cell radial
diameter) was standardized to a common number
(15) to compare the same ring sectors between
two groups (Vaganov, 1990; Babushkina et
al., 2019). The significance of differences of
anatomical parameters between the two groups

was estimated using Student’s -test.

Results

The cambial zone of the trees included five to
seven cells during their dormant period (in spring
and autumn) (Fig. 2A). The beginning of the

cambial activity, as observed on the xylem side,

occurred simultaneously in both groups on April
11 (Day 101 of the year (DOY)). The duration of
the cambial activity was 110 days, and there were
10 dividing cells within the zone, on average.
The maximum activity was observed two weeks
earlier for younger trees than for older trees (May
18 and June 2, respectively); the first cells were
detected in the enlargement zone at the same time
(Fig. 2B). At the end of July, the cambial activity
stopped. Cell enlargement in younger trees ended
two weeks earlier than in the older ones.

The emergence of cells in the cell-wall
thickening and the primary lignification zones
was observed on May 8 (DOY 128) for young trees
and on May 16 (DOY 136) for old trees, reaching
the maximum on August 7 and 28 for young and
old trees, respectively. On the last sampling day
(September 18), two young trees out of five did
not finish cell-wall lignification, whereas all old
trees had already completed xylem formation.

Mature tracheids with the fully formed
secondary cell wall were observed in pine
earlywood of both age groups simultaneously, at
the beginning of June. The maximum number of
cells (up to 60) was counted for trees of the old
group. However, the percentage of the mature
tracheids relative to the total cell number within
the tree ring was higher for the young trees,
reaching 80% as early as the beginning of August
(Fig. 3).

The mean tree-ring width in the young and
old trees for the period from 1985 to 2014 was
2.34 and 141 mm, respectively. Ring width
dynamics in the young trees was similar to the
ring width dynamics in the old trees when they
were of the same age (Fig. 4A). The range of ring
widths was also comparable between the groups
at similar ages (Fig. 4B). Periods of 1962-1965 and
1975-1977 were characterized by dry conditions
(Kostyakova et al., 2018), which significantly
affected the old trees (Fig. 4A). The absence of

fire scars suggests that the selected trees were not

— 201 —



Marina V. Fonti, Elena

A. Babushkina... Xylogenesis of Scots Pine in an Uneven-Aged Stand of the Minusinsk Depression...

A

Cell number

D

60 1

E young trees

B old trees

40

o

204

15 170 190 210 230 250 270

Day of the year

90 110 130

Fig. 2. Mean cell number (+ standard error) of the different zones of the developing tree ring: 4 — cambial zone;
B — zone of enlarging cells; C — cell-wall thickening zone; D — zone of the mature cells. Blue is young trees, red

is old trees

Cell number (percentage of the total

Day of the year
90 110 130 150 170 190 210 230 250 270
=q
1004 o, o
(<
® $ +
.g 80 - H
g o
= 0
2 60 0
©
3 6
5 g9
5 40 -
a o
E 0
=
20 ~
o]
0 ‘ooooonoadl . ; .
April May June July August September

Fig. 3. Cell number dynamics (+ standard error) within tree rings of 2014: 7 — young trees; 2 — old trees. Gray area

shows statistically si

gnificant differences (p < 0.05) between the trees of two age classes

— 202 —



Marina V. Fonti, Elena A. Babushkina...

Xylogenesis of Scots Pine in an Uneven-Aged Stand of the Minusinsk Depression...

A

Tree-ring width, mm

Tree-ring width, mm

Cambial age, year

Fig. 4. 4
3 —young trees, 2, 4 —old trees

affected by forest fires, although fires often occur
in the pine forests of the Minusinsk Depression
in years with low amounts of precipitation in the
spring following a low-snow winter.

In 2014, the tree-ring width in young and old
trees was 1.52 and 1.76 mm (p = 0.399), with the
average cell number of 46 and 52, respectively.
The intra-annual variability of the cell radial
diameter in young and old trees showed similar
patterns, with 45 pum sized tracheids in the first
partofthe ring and a uniform decrease towards the
ring boundary (Fig. 5A). The cell-wall thickness
showed statistically significant differences
between the groups, which are more clearly seen
in the standardized tracheidograms (Fig 5B, C).
Cell-wall thickness was higher in the young trees
in the second part of earlywood and transition

zones (positions 8-12 of the tracheidogram,

— individual tree-ring width chronologies of trees, B — tree radial growth relative to the cambial age. /,

p < 0.10), with the maximum CWT reaching
6.2 um in the young trees compared with 5.5 pm
in the old trees. In addition, cell-wall thickening
occurred when the difference between the
integrated growth rates in the two age groups was

the greatest (Fig. 3).

Discussion

Based on the climate data, 2014 was one of
the most favorable years in the last few decades
2019). The

Scots pine xylogenesis dynamics was consistent

for the study area (Tychkov et al,,

with the data previously reported for other
conifer species in the boreal zone (Rossi et al.,
2008; Bryukhanova et al., 2013). The maximum
cell number in the enlargement zone matched
the highest level of the cambial activity and

corresponded to the longest sunshine duration
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and highest rate of photosynthesis and production
of assimilates (Vaganov et al., 2006). The non-
significant differences in the number of cells in
the cambial zone between the young and the old
trees resulted in the similar tree ring widths and
numbers of tracheids produced. The delay of the
cell enlargement and cell-wall thickening noted
in the old trees was reflected in differences in
the cell-wall thickness but not in the cell radial

diameter. Based on the results obtained in this

study, the maximal cell number in the zones of
wall thickening and mature cells was observed in
August for the young trees and in September for
the old trees. As it has been reported that cell-wall
thickening can take place for up to 45-50 days in
the old pine trees (Vaganov, Shashkin, 2000), the
kinetics of cell-wall thickening could be assumed
not only to start later, but also to have a lower rate.
Detailed measurements and special experiments

are needed to see whether this difference results
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from a lack of assimilates for biosynthesis of the
cell wall or from the competition for assimilates
between tracheid differentiation processes
(Carteni et al., 2018). However, the differences
in the physiological processes (photosynthesis,
transpiration, discrimination of carbon isotopes)
and in the accumulation and redistribution of
assimilates during the growing season, which
affect the stem growth rate and productivity of
both groups, may also be associated with their
age (Meinzer et al., 2011). Indeed, as noted
above, young trees grow at a fast rate, whereas
mature and old trees may have more conservative
growth strategy (Vieira et al., 2009). In addition,
the direct influence of exogenous factors, such
as solar radiation, on the growth of Scots pine
and the anatomical structure of its annual rings
can be modified by the canopy position of the
tree (Kishchenko, 2015). As under natural (non-
experimental) conditions, it is rather difficult to
separate the influence of the tree size from the
effect of its age on stem growth, this might be the
next step of a complex xylogenesis study in even-
and uneven-aged forests.

In addition, a thinner cell wall means less
carbon accumulation in the stem of a woody
plant. Consequently, faster seasonal growth of
the young trees in the study area also implies
accumulation of greater carbon mass per unit of
wood volume. This may be another argument in

favor of formation of young stands as potential

Acknowledgements / BiarogapHocTu

sink for atmospheric carbon dioxide (Zhou et al.,
2015).

Conclusion

The data obtained in this study could not
confirm the definitive effect of tree age on the
timing and duration of various phases of wood
formation. Research addressing differences in
the xylogenesis between the trees of different age
groups should take into account the tree vigor and
social status, the possible level of competition, and
other factors that might limit tree growth. Long-
term changes in annual radial growth of the trees
of this species and the duration of the juvenile
period also play an important role. Despite the
similar duration of the growing season (160 days)
of both young and old trees, the delay in some
developmental phases of older trees compared to
the younger ones suggests potential time shift in
recording of the climatic signal by the numerous
tree-ring parameters. This assumption may be
confirmed in the future by the dendroclimatic
analysis. The data on the onset and duration of
the cambial activity, the dynamics of seasonal
cell production, cell extension, and cell-wall
thickening in young and old pine trees can be used
in the future as input parameters for the VS-model
(Vaganov, Shashkin, 2000). This will provide
biologically supported values as benchmarks for
simulated values of both the annual growth and

xylem anatomical structure (tracheidogram).
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