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Seasonal changes in chlorophyll fluorescence to assess
the stress tolerance of Siberian pines at treeline

© 2026. N. V. Pakharkova' |, ... 0000.0003.0377.3263> 1- G- Gette!
N. A. Gaevsky' . 0. 0000-0002.3747 G. Rudikovskaya®
A. V. Rudikovskii® . 00 eseromg 1+ Ve Masentsova'
A. A. Kalabina' V. L. Gavrikov' . o o orrs16.05369
!Siberian Federal University,

79, Svobodny St., Krasnoyarsk, Russia, 660041,

2Siberian Institute of Plant Physiology and Biochemistry

of the Siberian Branch of the Russian Academy of Sciences,

132, Lermontov St., Irkutsk, Russia, 664033,

e-mail: nina.pakharkova@yandex.ru

ORCID: 0000-0001-7372-1499°
-98587 ORCID: 0000-0001-5709-2370°
ORCID: 0009-0000-4038-6583"

ORCID: 0009-0000-3563-24607

Due to climate change, the boundaries of the ranges of many plants are shifting both in latitudinal and altitudinal
directions. In particular, the forest boundary shifts upward in the mountains. A transect with four sampling plots was laid
on the slope of the Ergaki Ridge (Western Sayan), crossing the treeline (upper border) of the forest as it transits from
the mountain taiga to the rocky-tundra belt. It has been revealed that Siberian pine (Pinus sibirica Du Tour) plants use
various survival strategies when spreading above the treeline, which manifests itself in a change in the shape of the crown
form from stem-like to krummbholz, as well as seasonal changes in the pigment complex and parameters of chlorophyll
fluorescence in needles. In all habitats of P. sibirica, an important parameter for predicting an increase in the needle
weight, which, in turn, ensures the productivity of the entire plant, is the maximum rate of non-cyclic electron transfer
in the summer. In spring and autumn (in the course of transition from winter dormancy to vegetation and back), the
ratio of chlorophylls and carotenoids from forest to mountain-tundra communities decreases in the pigment complex of
needles. Siberian pine specimens growing above the treeline and having mechanisms for dissipating excess light energy
by light-induced non-photochemical fluorescence quenching have a clear advantage in gaining needle weight over other
plants from the same sample plots. For trees from sample plots located in forest environment, a high proportion of non-
photochemical fluorescence quenching is rather a disadvantage. The considered parameters of chlorophyll fluorescence
can be used to identify P. sibirica individuals resistant to habitat conditions above the treeline and their subsequent use
in breeding to increase the area of woodlands under climate change.
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WN3-3a nusmeHneHnust RanMara TpaHuIlbl apeajoB MHOTHX PACTEHUI CMeIalnTcss KaKk B MIUPOTHOM, TAK U B BBICOTHOM
HAIPaBICHUSX, B YACTHOCTH, TPAHNUIA JIeCOB B ropax cmeraercs Beepx. Ha crimone xpebra Epraxu (Samagnniit Casir)
ObLIa 3aJI07KEHA TPAHCEKTA ¢ YeThIPbMsI ITPOOHBIMU TIJIOMIAJISIMI, IIEPEceKAT0TIasi BEPXHIOIO TPAHUILY Jeca IIpu Iepexoje
0T TOPHO-TAGKHOTO K TOJbIIOBO-TYHPOBOMY T0sicy. BbisiBieno, 4ro pacrenusi cocubl cubupckoii (Pinus sibirica Du
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Tour) mernonab3yioT pasjinunble CTpaTernit BbIKIUBAHKS [P PACIIPOCTPAHEHNN BbIIE TPAHUILI JIeca, YTO IIPOSIBISACTCS
B 3MeHeHnH (DOPMBI KPOHLI CO CTBOJIOBOI Ha CTVIAHHNKOBYIO, 8 TAK/KE B CE30HHBIX N3MEHEHUAX MUTMEHTHOTO KOMIIIERCA
n napamerpoB duayopecrentinn xaopoduaia xsou. Bo Beex mecrooduranusx P. sibirica BaskHBIM mapaMeTpoM st
IIPOTHO3MPOBAHIS YBEJIMYCHISI MACChl XBOU, KOTOPOE, B CBOIO 04epe/ib, 0beciieunBaeT MpojlyKTUBHOCTE BCEIO PAcTeHUsI,
SBJETCS MaKCHMaAbHas CKOPOCTh HEIIMKIMIeCKOTO TepeHoca dJIeKTPOHOB B jieTHee BpeMs. Becwoil m ocenbio (mpu
TIePexoyie OT COCTOSHITA 3MMHET0 IMOKOSI K BereTarinn 1 00paTHo) B MUTMEHTHOM KOMILTEKCe XBOU YMEHbIAeTCst COOTHOTIeH e
XJ0POPUIITIOB 1 KAPOTUHOUOB OT JIECHBIX K TOPHO-TYHPOBLIM UTOIEHO3aM. DK3EMILJIsIPbl COCHBI CUOMPCKOIL, pacTyiiue
BBIIIIe TPAHMILBI JIecA 1 NMeoIe MeXaHU3Mbl PACCeBaHUs N30BITOUHOIT CBETOBOI SHEPTUH ITYTEM CBETOMHLY I[N POBAHHOTO
HeOTOXMMUYECKOTO TYHIEHWS, NMEIOT ABHOE MPENMYIecTBO B Habope Macchl XBOU Tlepes IPYTUMI PACTEHUAME ¢ TeX
sKke poOHbIX romazeii. /s qepesben ¢ mMpoOHBIX [JI011A/1el, PACIIONIOKEHHBIX B JIECHBIX (DUTOIEHO3aX, BBICOKAS J10JIsI
HeOTOXIMITIECKOTO TYIIIeHUS IBJISIETCS cKopee moMexoii. PaccMorpenmbie mapaMeTpsl (iryopecieHInm Xaaopo@uiia MoryT
OBITH NCHOTB30BAHBI JIJIsI BhIsABIeHUs 0cobeil P. sibirica, ycTOMUNBBIX K YCJTOBUSAM 00MTAHUs BBIIIE TPAHUILBI Jleca, 1 X
HOCJIE/YIOIIEr0 NCII0JIb30BAHMS B CEJICKIIMN JIJIS yBeJIMYeH U [0/ JIECHBIX MACCUBOB B YCJIOBUAX N3MEHEH U KJIIMATA.

Kaouessie crosa: Pinus sibirica, Bepxusis rpannia jeca, (ayopeciieHns, XI0po@uiit, KapoTuHON/Ib.

Climate change exerts a substantial impact
on forest ecosystems’ functioning. The geo-
graphic ranges of many boreal forest conifers
experience shifts, in both latitudinal and alti-
tudinal directions [1-4]. Such a tendency — a
higher temperature stimulates the altitudinal
shift of forest distribution range — has been re-
ported for a number of geographical areas, like
Kola peninsula, polar Ural Mountains, Putorana
plateau [, 6], as well as in East Sayan [7], West
Sayan [8], and Kuznetsk Alatau [9].

Whether the seedlings and saplings of a
mountain forest dominant species are able to
survive above the treeline is a crucial point shap-
ing up the species composition of such forests.
For Siberian pine/fir forests, a species play-
ing the pioneering role is Siberian pine (Pinus
sibirica Du Tour) [10]. A great advantage of
Siberian pine is its symbiotic distributor spe-
cies, nutcracker (Nucifraga caryocatactes 1..),
that collects the pine seeds and hides them in the
litter and under the mosses cover. However, the
survival of the pine seedlings above the treeline
is minor. The seedlings to saplings and adult
trees to saplings ratios are much lower above the
treeline that under the canopies of closed forests
[11]. Above the treeline, krummholz Siberian
pine forms with multiple small stems have been
mostly found because of the harsh environment
with strong winds and shallow snow cover [12].

Nevertheless, a question is open of defin-
ing ecological and physiological traits that
distinguish those tree specimens that cope to
survive and develop under the harsh conditions
of mountain environment. Under the altitudinal
zonation, the mechanisms should be described
that allow the seedlings and saplings of Siberian
pine to adapt to multiple stress factors.

To find the most adapted individuals, the
methods of plant phenomics are fairly suitable
that are based on physiological and biochemical
traits of a plant organism at the level of the phe-

notype [13, 14]. Some authors [15-19] believe
that the methods based on chlorophyll fluores-
cence are a perspective for plant phenotyping.
We hypothesized that chlorophyll fluores-
cence and pigment content in needles are likely
tightly connected to the environmental stress
induced by altitude, especially in trees growing
above the treeline. The goal of this study was
to test seasonal alterations of chlorophyll fluo-
rescence and pigment composition as a tool for
phenotyping of Pinus sibirica saplings and trees
in terms of their stress-tolerance against the ad-
verse environmental factors along an altitudinal
gradient of West Sayan (Eastern Siberia).

Materials and methods of research

An altitudinal transect has been sel up in
the vicinity of Oyskoe Lake within the Yergaki
National Park (West Sayan mountains) located
in Ermakovskiy Region of Krasnoyarsk Krai.
The transect crossed the treeline where taiga
belt changes over to rocky-tundra belt (Fig. 1).

The climate of the area was estimated with
the help the meteorological station Olen’ya
Rechka (WMO 29974, N 52°48’, E 93°14’;
1404 m a.s.l.) in 5 km from the lake. The mean
temperature in January is —17.7 °C, in July is
+13.2 °C. Precipitation totals up to 1200 mm,
with an average of 440 mm precipitation during
the summer months.

An altitudinal transect has been sel up in
the vicinity of Oyskoe Lake within the Yergaki
National Park (West Sayan mountains) in Er-
makovskiy Region of Krasnoyarsk Krai. The
transect consisted of four sample plots (SP):

SP1 (N 52°50'40.4” E 93°16°24.27, 1636
m a.s.l.) is an area occupied by Pinus sibirica
krummbholz form with the height up to 1 m and
stems diameter of 3 to 5 cm.

SP2 (N 52°50°26.3” E 93°16°26.97) is a
sparse pure forest of Pinus sibirica with canopy
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Fig. 1. The studied area on Russia’s map (left). A photograph of the sample plot (red line on the right)

closure of about 0.1, tree height up to 5 m, and
stem diameter of 8 to 12 cm.

SP3 (N 52°50'17.2” E 93°16°21.0”, 1505 m
a.s.l.) is a mixture short-grass forest of Pinus
sibirica and Abies sibirica Ledeb. with a propor-
tion of ca. 6P4A. The canopy closure is 0.4. Pinus
sibirica trees are 15 m in height and 15 to 20 cm
in diameter.

SP4 (N 52°50°14.6” E 93°15°28.4”, 1455 m
a.s.l.) is a mixture tall-grass forest of the pine
and fir with Abies sibirica domination, the pro-
portion being ca. 6A4P. The canopy closure
is 0.7. The height of pine stems reaches up to
15 m and the diameter 15 to 20 cm.

On the southward slopes of the mountain
chain in the study area, the upper limit of
P. sibirica distribution has been estimated to
be between 1500 and 1600 m a.s.l. [10]. The
frontline where pine trees having a typical tree-
like form with upright stems may be found goes
between SP1 and SP2. The treeline is about be-
tween SP2 and SP3. The sample plots are located
on the southward slope, with SP4 being atl the
bottom of the hill on a flatter area.

The sample trees were young specimens of
Siberian pine of ca. 40 years old. On each sample
plot, 20 trees were chosen and three second-
order shoots were taken from middle crown part
of each tree. Thus, the total number of sample
shoots amounted 240 at each sampling season.
The sampling seasons were spring (April 2023
and 2024), summer (July 2023 and 2024), and
autumn (November 2023). In April and No-
vember, the transportation of the specimens
was done in a car-based refrigerator Alpicool
TW-35 with the negative temperature function.
The temperature during the transportation was
as the air temperature at the needles’ sampling.

The measurements of the chlorophyll fluo-
rescence were performed within 24 hours after
samplings with the help of fluorimeters Junior
PAM and IMAGING-PAM M-Series MAXI Ver-
sion (Heinz Walz GmbH, Germany) under the
photosynthesis curve record mode, three replicas
per measurement.

The recorded data were treated through the
WinControl software [20]. To assess the speed
of breaking of winter dormancy, the pine shoots
were set in the water and kept in this condition
for 10 days under +24 °C and daylight fluores-
cent lamps.

This part of analysis (abscisic acid detection
and measurement) was performed in accordance
with the methods described by Rudikovskii et al.
[21]. The sample from every tree was combined
from three shoots” samples.

The extraction of carotenoids and chloro-
phylls was performed in accordance with the
methods described in [22-24], three replicas
from every shoot.

Statistical analysis was done with the help
of SigmaPlot 12.5 software. The indicators
mean = mean error (M = m) are calculated.
Normality of data was estimated through Sha-
piro-Wilk test. In case of successful normality
test, to estimate the significance of differences
among several variables ANOVA was applied.
The difference between two variables was
explored through Student’s ¢ test. In case the
data distribution was different from normal-
ity, non-parametrical Mann-Whitney test was
applied. For multiple comparisons, one-way
ANOVA Tukey test was used. On the graphs,
lowercase letters, plus (+) and asterisks (*)
sings denote the significant differences at
p <0.05.
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Results and Discussion

For conifers occupying habitats above the
treeline, the main risks are twofold. Firstly, it is
high solar radiation in spring and early summer.
Pioneer trees are exposed to high irradiances,
which supports fast growth but also give rise to
the danger of photoinhibition [25]. The radiation
leads to photoinhibition of photosynthesis at the
background of low though positive temperatures.
The second risk is a short vegetation period. In
autumn, when trees evoke the mechanisms to
withstand the cold and are about to enter the
winter dormancy, some negative consequences
are possible due to abrupt frosts and fast freezing
shallow soil. The studies undertaken in spring,

summer, and autumn gave the opportunity to fol-
low the seasonal variations of the photosynthetic
apparatus functioning as well as the variation in
the pigments in Siberian pine.

Figure 2 depicts changes of maximum rate of
non-cyclical electron transport (ETR) as well as
abscisic acid content at a dormancy breaking of
the needles in April and transition from growth
to winter dormancy in November.

According to the data obtained, the needles’
ETR increase took place in two days (SP4),
o days (SP3), 8 days (SP2) after their place-
ment under laboratory conditions. The needles
from SP1 have not broken the dormancy after
10 days in laboratory (Fig. 2). These data cor-
respond well to the ABA content in needles. The
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Fig. 2. The depth of the needles” winter dormancy as estimated through non-cyclical electron
transport (ETR) dynamics at the breaking of winter dormancy in the laboratory (A, C)
and abscisic acid (ABA) content (B, D) among the sample plots (SP). The marks a and b indicate
significant differences in the parameter between the test areas at p < 0.05
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Fig. 3. The maximum rate of non-cyclical electron transport (ETR) in needles of Siberian pine [19]

maximal ABA content was observed on SP1 and
was significantly lower on other sample plots
achieving the minimum on SP4. Supposedly, the
distribution of ABA among sample plot reflects
a lower environmental stress exerted on trees.

In November, ETR values were above zero
on the day of sampling. They grew in the labora-
tory much slower than in spring. It is explained
by the accumulation of ABA during the transi-
tion to winter dormancy. The highest electron
transport rate was found in needles on SP4 for
which the ABA content is low.

In July, an express estimation of the maximal
rate of non-cyclical electron transport (ETR) was
done for the 80 sample trees in situ with the help
of PAM fluorimeter Junior-PAM (Fig. 3).

A one-way ANOVA showed a significant
difference in ETR (p < 0.05) between SP1 and
any other sample plot (Fig. 3). No significant
difference in ETR between SP2, SP3, and SP4
has been found. For all the studied trees from
forest communities (SP3 and SP4) as one
sample, the correlation coefficient between the

maximum speed of electronic transport, ETR,
and the absolutely dry mass of needles has the
value 0.85. Lower correlation coefficients were
received on the upper sample plots SP1 and SP2
(0.58 and 0.57, correspondingly). This may be
due to a shorter growing season, when il is nec-
essary to increase biomass in a short time, and
the needles photosynthesize more actively. The
high variability of the parameter in Siberian
pine within every sample plot may be an evi-
dence of trees’ different adaptability to the local
conditions and different success of them in the
biomass growth [16]. After ETR estimation in
each of the 80 sample trees within the sample
plots, four specimens of pines were selected that
showed contrasting minimal and maximal ETR
values (Fig. 3). The samples from the selected
trees have been taken for a deeper analysis in
the laboratory. The fluorescent properties of the
needles (Fig. 4) and photosynthetic pigments
composition (Fig. 5) were studied.

In April, the mean values of maximum
photochemical quantum yield of photosystem
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Fig. 4. Seasonal changes of maximum photochemical quantum yield of photosystem I1, Y (1I)

max’

and quantum yield of light-induced non-photochemical fluorescence quenching, Y(NPQ),
in Pinus sibirica needles. The marks a, b and ¢ indicate significant differences between sample plots

in the Y (II)

max’

* —in Y(NPQ) (p < 0.05)
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IT (Y (II), ) for SP1 are higher than for other
sample plots, the variability being quite signifi-
cant. An explanation may be that the shoots are
partly covered by snow. The quantum yield of
light-induced non-photochemical fluorescence
quenching (Y(NPQ)) values on all the sample
plots amounts a half of the summer maximal val-
ues. In spring, no significant differences for this
parameter were found among the sample plots.
In July, the Y(II)  value was recorded in
needles from SP3. It is the sample plot where
Siberian pine dominates in the stand. On SP4
where the Abies sibirica trees are dominanted,

the Y(II) _ value in Siberian pine is lower. On
the uppermost SP1, the potential photochemical
activity of photosystem 1I was high but due to
low chlorophyll and high light-harvesting com-
plexes (LHC) complex (Fig. 7). ETR was lower
compared to other sample plots. The Y(NPQ)
values exceeding the Y(II)  values are recorded
inneedles on SP1 and SP2where a dissipated as
heat excess energy is required.

In November, the Y(II)  values godown up
the slope. The Y(NPQ) values decrease relative
the summer levels but the ratios of the values
among the sample plots are preserved.
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Figure 5 depicts the seasonal variations of
photosynthetic pigment content in Siberian pine
needles from different altitudes.

The minimal chlorophyll content in Sibe-
rian pine needles is recorded in spring (April),
while the maximal in summer (July) (Fig. 5
A, B, D). However, the content levels differ on
among the sample plots. Regarding chlorophyll
a (Fig. 5A), the statistically significant differ-
ences (p <0.05) are found for SP1 relatively all
other sample plots. In July, all the sample plots
differ significantly. In November, SP3 and SP4
do not differ significantly.

Regarding chlorophyll b content (Fig. 5B)
in winter/spring on SP1, it differs significantly
(p < 0.05) from all other sample plots. In sum-
mer, SP1 does not differ from SP2. In autumn,
SP2 does not differ from SP3. It should be men-
tioned that the highest chlorophyll b content is
found in forested sample plots (SP3, SP4) while
minimal in plots above the treeline, SP2 and
especially SP1. This relationship is recorded for
SP1 round the year and for other sample plots in
summer, al the time of active vegetation.

On the SP2 to SP4, the quantitative dif-
ferences of chlorophyll content are likely due
to differences in illumination conditions. For
SP1 Siberian pine growing above the treeline
as krummbholz, the lowered chlorophyll content
may be an adaptation trait. Likely, this is a com-
mon feature of conifer saplings under excessive
light conditions. The similar data were obtained
for Pinus sylvestris and Picea obovata saplings
on clear-cut sites [26]. The dynamics of the total
chlorophyll @ + b had generally the same trend
that of chlorophyll a alone.

The xanthophylls content of (Fig. 5C) was
higher in spring, decreases in summer and in-
creases again in autumn.

In plant acclimation to light stress under
low temperatures, the xanthophyll cycle plays

an important role that takes part in the non-
photochemical fluorescence quenching. Un-
der frost acclimation, the non-photochemical
fluorescence quenching mediated by zeaxanthin
transforms from a short-term dynamic reaction
into a long-term stable quenching during all the
winter season [27].

The minimal values of chlorophyll /carotenoids
ratio were characteristic right of SP1 (Fig. SE).
At the absence of photosynthetic activity, there
is no need in heat energy dissipation, which is
also seen in a low proportion of zeaxanthin to
violaxanthin (Fig. 6). Needles of trees from SP3
and SP4 are in dormancy in April but potentially
ready to exit from the state under elevated tem-
perature. Thatis why the proportion of zeaxanthin
in xanthophyll complex is significantly higher.

In November, the Y(II)  high levels were
onlyin needles of trees on the lowermost sample
plot SP4 (Fig. 4). The above indicates the pre-
seved photosynthetic activity and a minimal
role of non-photochemical quenching. The trees
from SP2 and SP3 are in a transition from ac-
tive functioning to the winter dormancy. Their
needles contain zeaxanthin several times more
than violaxanthin. In summer, the levels of xan-
thophyll are lowering. An elevated zeaxanthin
relative to violaxanthin can be found only in
needles from SP1 where the sunlight dissipation
and non-photochemical quenching of fluores-
cence is required.

Ruban [28] reported that the mechanism
of the light-dependent non-photochemical de-
pression is effective only under closed reaction
centers in photosystem 11, that is, under high
illumination. In the literature [29, 30], there are
evidences that the stress vulnerability increases
under high illumination. The cause is that stress
being the source of various metabolic disorders
impacts the energetic exchange and firstly the
photosynthesis. In this case, a plant corrects of
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input and the use of light energy as a simplest
way to adapt and correct the metabolism [28].
So, the mechanism of non-photochemical de-
pression is included as a component in the sys-
tem of non-specific plant reaction under stress.

Conclusions

The evaluations of the results should be done
in the terms of a comparison of the adaptations
of Siberian pine from the habitats above and at
the treeline with the typical forest habitats. At
higher altitudes, the length of seasonal growth
obviously decreases. In spring, a standard
situation is that the needles are in the necessary
dormancy while the solar radiation reaches high
levels. Thelight dependent mechanisms protect-
ing the photosynthetic apparatus are not yet
active. Thus, Siberian pine plants use various
survival strategies above and below the treeline.
It is manifested in seasonal changes of pigment
complexes and parameters of chlorophyll fluo-
rescence of needles. High ETR values are typical
for trees with the highest biomass of needle for all
sample plots. Regarding the maximum quantum
yield of photosystem II, Y(II) ., and quan-
tum yield of light-induced non-photochemical
fluorescence quenching, Y(NPQ), Siberian pine
trees growing above the forest boundary and
having mechanisms for dissipating excess light
energy have a clear advantage in gaining needle
mass over other plants from the same sample
plot. For trees from other sample plots, a high
proportion of non-photochemical quenching is
rather a hindrance. Another parameter that has
high correlation coefficients with needle mass for
all sample plots is the chlorophyll content. The
concentration of carotenoids, even in summer,
is especially important for plants on the upper
sample plot (SP1), which is in good agreement
with the need of processes of non-photochemical
quenching.

Thus, the considered parameters of chloro-
phyll fluorescence and the pigment composition
of needles can be used to identify Pinus sibirica
specimens that are resistant to habitat condi-
tions above the forest boundary, their subsequent
use in breeding to increase the area of forested
areas under climate change conditions has a
practical perspective.

This research was funded by Russian Science
Foundation to the research project: “Intrapopulation
variability of ecophysiological features of Siberian
pine (Pinus sibirica Du Tour) trees under climate
change”, grant number 23-24-00251.
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