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Abstract—The structural and functional parameters of juvenile plants Heracleum mantegazzianum Sommier
& Levier plants were studied under laboratory conditions. The illumination intensity of plants was modeled
based on observations of the light regime in the ground layer of natural populations of the species. Growing
H. mantegazzianum at an illumination of 250 pumol/(m?s) PAR (spring period modeling) showed that during
the initial stage of juvenile growth, the contribution of the main phytomass to the leaves and the high rate of
net photosynthesis supported a relative growth rate of 80 mg/g dry mass day. The plants adapted to decreased
illumination to 20 umol/(m?s) PAR (summer period modeling) by lengthening petioles, reducing leaf den-
sity, and increasing the size of the light-harvesting complex of leaf pigments. Limitation of light resources
caused a decrease in the relative growth rate to 14 mg/(g dry mass day). Restoring light levels to 250 umol/(m?s)
PAR (autumn period modeling) activated growth and contributed to the storage of plastic substances, mainly
in the underground organs of plants. Structural and functional changes in H. mantegazzianum juveniles that
were revealed during the experiment indicate the high efficiency of light resource use in spring and autumn,
as well as a significant reduction in metabolic activity during summer shading. This strategy promotes effi-
cient growth during the long growing season and maintenance of the number of H. mantegazzianum juvenile
plants under conditions of intraspecific competition.
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INTRODUCTION

Population studies are the basis for studying life
cycles, identifying the ecological-phytocenotic and
ontogenetic strategies of species and most adequately
reflect the spatiotemporal development of biological
invasions [1]. During all stages of an invasion, the
structure and integrity of the population are closely
linked to physiological processes. The study of pheno-
typic and functional plasticity of organisms, the iden-
tification of mechanisms for the efficient use of envi-
ronmental resources, and maintaining numbers is
necessary for monitoring and developing measures to
control plant invasions [2—5].

In the second half of the 20th century, multiple
introductions of Caucasian species of the genus Hera-
cleum ensured the dispersal of giant hogweed (Hera-
cleum mantegazzianum Sommier & Levier) and Sos-
nowskyi’s hogweed (Heracleum sosnowskyi Manden.)
on the European continent [6—8]. The results of
molecular genetic studies show that plants growing in
the Komi Republic, called H. sosnowskyi are identical
to H. mantegazzianum [9]. From here on, H. sosnows-
kyi will be referred to as H. mantegazzianum.

The genetic diversity of giant hogweed, the ecolog-
ical and climatic conditions of the secondary range,
the structural and functional characteristics of plants,
and their methods of dispersal provided the local pop-
ulations (LPs) with high efficiency in the use of envi-
ronmental resources and a competitive advantage over
native plants in growth and carbon accumulation [ 10—
13].

In the age structure of the LPs of
H. mantegazzianum, juvenile plants predominate,
ensuring the number of older age groups and the res-
toration of the populations after the destruction of all
plants with a developed leaf surface [14, 15]. The
growth of juvenile plants is determined primarily by
the relative light content in the ground layer, which,
depending on the leaf index of the local population,
varies from 100 to 1% [2, 11, 15]. Most of the plants
living in the ground layer react to shading by the killing
off their above-ground organs and entering a dormant
state; however, some plants, retaining their leaf sur-
face, continue to vegetate [14, 15].

Changes in the light regime are a universal environ-
ment-forming mechanism that regulates the diversity,
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structure, and functional characteristics of vegetation
[2, 16—19]. The growth parameters of organisms are
closely related to the habitat. Interspecific differences
in relative growth rate (RGR) are believed to be a con-
sequence of the selection of plants based on the traits
underlying RGR [20, 21]. In this regard, it is of interest
to analyze changes in structural, functional, and
growth indicators that allow increasing the inter- and
intraspecific competitive abilities of the species,
adapting and maintaining the physiological integrity
of plant organs under specific environmental condi-
tions [2, 16, 19, 22—-26].

This work aimed to study the structural and func-
tional characteristics and growth indicators of juvenile
H. mantegazzianum plants when changing the light
regime to identify features that ensure a stable popula-
tion structure of an invasive species.

MATERIALS AND METHODS

Object of study. Heracleum mantegazzianum Som-
mier & Levier (H. sosnowskyi Manden) is a perennial,
summer-green, herbaceous, taproot, monopodially
growing monocarpic plant with an upright semi-
rosette shoot, geophyte. The fruit disintegrates into
two flat mericarps, each containing one seed. The
maturation of the seed embryo and the emergence
from dormancy occur over at least 2 months at tem-
peratures of 2—5°C. The seeds are characterized by an
above-ground type of germination; field germination
is20—70%. After a short period of germination and the
emergence of the root and hypocotyl bearing cotyle-
dons, the first true leaf forms. Further development is
associated with the formation of basal leaves and
active growth of above-ground and underground
organs. The transition of H. mantegazzianum plants to
the juvenile age state it is accompanied by well-
defined morphological changes in the above-ground
and underground organs. Juvenile specimens are sin-
gle-shoot with 1—-2(3) simple, separate leaves and a
caudex root diameter of 2—5 mm [6, 14, 27]. Under
conditions of invasion, the vegetative stage of H. man-
tegazzianum lasts from 1 to 6 years, and the generative
stage occurs during one growing season.

Growing plants under different light conditions.
H. mantegazzianum plants were grown from seeds col-
lected in the autumn of 2021 in three distant LPs in the
vicinity of Syktyvkar (61.66° N, 50.82° E, southwest-
ern part of the Komi Republic). The mixed seed sam-
ple was stratified in the dark, at high humidity and a
temperature of 5°C for 2 months. Then, the germi-
nated seeds were transferred to room conditions. After
the cotyledon leaves appeared, the plants were planted
in soil and placed on shelves under PHILIPS TL-
D30W fluorescent lamps (Netherlands).

In the first group of plants (z = 98), the intensity of
illumination was alternated, simulating the light
regime in the ground layer of natural populations of
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H. mantegazzianum [11]. The plants were grown on a
rack for 108 days: 28 days at 250 umol/(m? s) PAR
(conditional name—spring period), then 51 days at
20 umol/(m?s) PAR (the summer period) and 29 days
at 250 umol/(m? s) PAR (the autumn period). Illumi-
nation was measured using a LI-190 SA quantum sen-
sor (Licor Inc., USA). According to previously
obtained data, 250 umol/(m? s) PAR was sufficient to
saturate the net photosynthesis of juvenile plants
under natural conditions. A quantum flux of
20 umol/(m?s) PAR corresponded to the light content
(0.5—3%) in the ground part of the LP of invasive hog-
weeds during the flowering period [11, 14].

The second group of plants (n = 50) were grown as
a control without changing the illumination intensity
of 250 umol/(m?s) PAR for 115 days. The photoperiod
for plants of the first and second groups was 10 h, air
temperature was 20 £ 2°C, and soil moisture was 60—
70% of the total moisture capacity.

During the experiment, plants were selected for
growth analysis and the determination of functional
indicators. In the first group, seedlings were studied
(n = 24), and then juveniles were collected after peri-
ods with different light intensities: spring (n = 28),
summer (n = 26), and autumn (z# = 20). For plants of
the second group, growth analysis was performed at
the beginning (n = 24) and the end (n = 26) of the
experiment.

For the analysis of growth soil was washed off the
plants. The samples were divided into organs, and the
total length of the main root and caudex, leaf petiole
(mm), the weight of the roots and caudex, leaf petiole,
and leaf blade (mg) were determined. The proportion
of organs in the mass of the whole plant was calcu-
lated. The number of leaves (pcs) was counted for each
individual. Leaf area (cm?) was determined from their
photographs using the ImagelJ program [28]. Plant
organs were fixed and dried at a temperature of 80°C
to a constant weight. The specific leaf mass (SLM) was
calculated as the ratio of dry mass to leaf area (g/dm?).

Growth parameters were determined based on the
dry mass of plant organs and the leaf surface area
between two successive plant collections. The relative
growth rate (RGR, g/(g dry weight day)), net assimi-
lation rate of carbon (NAR, g dry mass/(m? day)), and
the leaf area ratio to the mass of plants (LAR, m?/(g dry
weight day)) were calculated according to [29].

CO, gas exchange of plant organs was determined
using an IR gas analyzer LI-7000 (Licor Inc., USA) at
a temperature of 20°C (n = 4—8). To measure dark
respiration (DR, mg CO,/(g dry weight h)), individual
parts of plants (caudex and roots, leaf petioles, leaves)
were exposed in the dark. Dependence of the rate of
the net photosynthesis of leaves (NP, mg CO,/(g dry
weight h)) from illumination was determined in the
range of PAR from 0 to 1000 pumol/(m? s), using
6 points on the light curve. To characterize the work of
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the photosynthetic system of leaves using the obtained
light curve, CO, gas exchange was assessed by the NP

rate at 20 or 250 umol/(m?s) PAR, depending on the
growing period and the maximum rate of photosyn-
thesis (NP max). The quantum yield of photosynthe-
sis was determined by the angular coefficient of the
linear function of the initial section of the light curve
in the range from 0 to 40 umol/(m?s) PAR (tg o, slope
tangent, mol PAR quanta/mol CO,). The values of the
linear function were used to calculate the light intensity at
which the balance of CO, gas exchange was zero—light

compensation point (LCP, umol/(m?s) PAR).

Photosynthetic pigments were determined in an
acetone extract of lyophilized leaves using a UV-1700
spectrophotometer (Shimadzu, Japan) at A = 662 and
644 nm for chlorophyll @ and b (Chl a + b) respec-
tively, for carotenoids (Car) at A = 478 nm (n = 3—4).
The proportion of chlorophylls in the light-harvesting
complex (LHC) was calculated based on the fact that
all Chl b is in the LHC, and the ratio of Chl a/Chl b in
this complex was equal to 1.2 [30]. The assimilation num-
ber, being the amount of CO, absorbed per unit of chloro-
phyll content per unit of time (AN, mg CO,/(mg Chl h)),
was determined as the ratio of the NP rate to the con-
tent of Chl a + b based on the dry leaf weight.

Changes in plant growth and functioning parame-
ters depending on the lighting regime were assessed
using one-way analysis of variance (ANOVA) in the
Statistica 10 program (StatSoft Inc., USA) and Stu-
dent’s z-test. The table and figures show the arithmetic
mean values and their standard deviations.

RESULTS

Morphostructure and accumulation of biomass.
After cold stratification, the germinated seeds of
H. mantegazzianum formed seedlings with developed
cotyledon leaves within a week. The dry weight of one
seedling was 6 = 2 mg, the area of cotyledon leaves was
0.7 £ 0.2 cm?.

The underground part of the plants grown in the
first group reached its greatest length “in the spring”
and did not change significantly thereafter (see Table 1).
At the end of the experiment, the plants remained at
the juvenile stage of development, reached an average
height of 20 cm, and formed from 3 to 5 leaves with a
total area of about 1 dm?/plant.

During the experiment, the distribution of biomass
among organs changed (see Table 1, Fig. 1). During
the “spring” period, half of the phytomass of juvenile
plants was in the leaves, and the rest was equally dis-
tributed between the leaf petioles and the underground
part. After shading in the “summer,” the contribution
of leaf petioles to the total plant biomass increased to
35%, and the proportion of assimilating surface
decreased to 39%. “In autumn,” the proportion of the
underground part in the biomass structure doubled,
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Fig. 1. Distribution of biomass among organs of juvenile
Heracleum mantegazzianum plants, grown under labora-
tory conditions wunder different light intensities:

250 |.Lmol/(m2 s) PAR in “spring” and “autumn” and

20 umol/(m2 s) PAR in “summer.” The durations of the

periods simulating the illumination in “spring,” “sum-

mer,” and “autumn” were 28, 51, and 29 days, respectively.

and the roots/shoot ratio increased to 1.1 = 0.6. At the
end of the experiment, the plants of the first group
accumulated from 120 to 1956 mg of dry matter per
individual (see Table 1).

The SLM in “spring” and “autumn” were 0.16 and
0.21 g/dm?, respectively, and “in summer” this figure
decreased by 1.5—2 times.

CO, gas exchange. During the experiment, DR of
the above-ground parts of H. mantegazzianum plants
did not change significantly (see Table 1). The dark
respiration of leaves did not exceed the average value
of 1.7 mg CO,/(g dry weight h), and leaf petioles
released twice less CO,. “In spring” and “summer”
the respiration of the underground part of plants was
comparable to the DR of leaves, and “in autumn” it
decreased almost twofold.

The intensity of leaf net photosynthesis (NP)
depended on the light resources during the growing
period. In “spring” the leaves assimilated an average of
32 mg CO,/(g dry weight h) (see Table 1), and “in
summer” the value of NP decreased by an order of
magnitude. In “autumn” an increase in CO, absorp-
tion by leaves was noted, which was 4 times greater
compared to the “summer” period. It should be noted
that at an illumination intensity of 250 pmol/(m? s)
PAR, juveniles maintained NP at a high level, up to
70% of the maximum possible. In “summer,” during
the decrease in the light intensity, the NP of leaves did
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Table 1. Structural and functional parameters of Heracleum mantegazzianum juvenile plants grown under laboratory condi-

tions with variable lighting

Period and duration of plant cultivation
Indicators Spring Summer Autumn F-value p-value
(28 days) (51 days) (29 days)
Size and weight of plant organs
Length of main root and caudex, mm 120 £ 29 115 £ 35 113 £ 38 0.345 0.710
Leaf petiole length, mm 84 + 16 193 £+ 66 221 £ 47 59.86 0.000
Number of leaves, pcs./plant 2+0 2+ 1 4+1 49.88 0.000
Leaf area, cm?/plant 24 + 12 45+ 24 106 £ 57 36.61 0.000
Caudex and roots, mg dry weight/plant 14+9 31 £ 18 384 + 281 45.02 0.000
Petiole, mg dry weight/plant 15+7 44 + 35 167 = 111 38.72 0.000
Leaves, mg dry weight/plant 3116 49 + 26 195 = 112 48.60 0.000
Whole plant, mg dry weight/plant 60 £ 30 124 £ 74 746 + 479 49.66 0.000
SLM, g/dm? 0.16 £0.02 | 0.11 £0.01 | 0.20+0.02 77.78 0.00
CO, gas exchange rates
DR caudex and roots, mg CO,/(g dry weight h) 1.8 £0.7 1.7 £0.04 1.0£0.1 4.23 0.056
DR petiole, mg CO,/(g dry weight h) 0.9+0.8 1.4£0.1 1.0+ 0.3 0.84 0.463
DR leaf, mg CO,/(g dry weight h) 1.7 £0.5 1.2+£0.3 1.4 £0.6 1.15 0.351
NP in the experiment, mg CO,/(g dry weighth) | 33.1 + 11.0 3.7%+0.8 13.9+£2.6 14.04 0.001
NP max, mg CO,/(g dry weight h) 42.6 £ 13.6 151+0.2 20.5+74 8.35 0.007
LCP, umol/(m?s) PAR 8§xt5 52 8§14 0.69 0.519
tana 0.033 £ 0.007| 0.018 = 0.001| 0.023 £ 0.004 9.48 0.004
Pigments composition

Chl a + b, mg/(g dry weight) 11.4+0.3 11.7 £ 0.04 6.21+0.2 461.59 0.000
Carotenoids, mg/(g dry weight) 1.0 £ 0.03 1.0 £ 0.01 0.6 £0.02 448.32 0.000
Share of Chl in LHC, % 70+ 1 73+ 1 74 + 1 88.36 0.00004

SLM—specific leaf mass, DR—dark respiration at a temperature of 20°C, NP—net photosynthesis at a temperature of 20°C, LCP—
light compensation point, tano.—tangent of the angle of inclination of the initial section of the light curve of photosynthesis, Chl—chlo-
rophyll, LHC—light-harvesting complex of leaf chloroplasts. F-value, p-value—ANOVA statistics. During the experiment, the illumina-
tion of plants was simulated: during the periods “spring” and “autumn,” the illumination intensity was 250 p.mol/mzs PAR, in the
“summer” period—20 pumol/m“s PAR. The mean value + standard deviation is presented.

not exceed 24% of the maximum level of CO, assimi-
lation.

The slope of the initial section of the light curve
(tg o) allows us to calculate the number of moles of
solar radiation required to restore 1 mole of CO,. In
“spring” and “autumn,” juvenile plants required
about 30—40 moles of PAR for this. In “summer,” the
efficiency of the quantum yield of NP decreased, and
plants spent twice as many light quanta to assimilate
1 mol of CO,. Based on the value of the light compen-
sation point (LCP), the visible absorption of CO,
leaves began to appear at illumination levels of more
than 5—8 umol/(m? s) in different periods of PAR
growth (see Table 1).

Content of photosynthetic pigments. In “spring,”
the leaves of H. mantegazzianum on average accumu-
lated a total of 11 mg/g dry leaf weight of Chl @ and b,
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and the content of carotenoids (Car) was an order of
magnitude lower (see Table 1). In “summer,” under
conditions of reduced illumination, the content of
photosynthetic pigments did not change in terms of
dry mass, but decreased in terms of leaf area unit,
which is associated with a decrease in the value of
SLM. “Autumn” lighting resulted in a twofold
decrease in the concentration of pigments in leaves
based on dry mass.

The proportion of pigments included in the com-
position of the LHC in leaf chloroplast changed
during the experiment from 70 to 74%. In “spring”
and “autumn,” H. mantegazzianum juvenile plants
were characterized by assimilation numbers (AN) of
about 2—3 mg CO,/(mg Chl h), demonstrating the
high efficiency of chlorophyll use for CO, fixation.
During the shading period, plants reduced their AN by
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Fig. 2. Relative growth rate (a), net carbon assimilation rate (b), relative leaf area per unit plant mass (c) of Heracleum mante-
gazzianum grown under laboratory conditions under different light intensities: 250 wmol/ (m2 s) PAR in “spring” and “autumn”

and 20 1,Lmol/(m2 s) PAR in “summer.” The durations of the periods simulating the illumination in “spring,” “summer,” and
“autumn” were 28, 51, and 29 days, respectively. The figure shows the arithmetic mean (light columns) and standard deviation
(bars). a, b indicate the differences between growth rates in different periods (Student’s ¢-test, significance level 0.001).
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Fig. 3. Relative growth rate (a), net carbon assimilation rate (b), and relative leaf area per unit mass (c) of Heracleum mante-
gazzianum plants, grown for 108 days under laboratory conditions with a changing light intensity of 250—20—250 umol/(m2 S)

PAR (1) and grown for 115 days at a constant illumination level of 250 umol/(m2 s) PAR (2). The figure shows the arithmetic
mean for the entire growth period (light columns) and the standard deviation (bars). a, b indicate differences between plant groups

(Student’s ¢-test, significance level 0.001).

an order of magnitude due to a decrease in the inten-
sity of photosynthesis.

Growth of juvenile plants under variable lighting
conditions (first group). The daily increase in plant
biomass in the “spring” and “autumn” periods was
about 60—80 mg/(g dry mass). In “summer,” the rela-
tive growth rate (RGR) decreased by 4—6 times
(Fig. 2). The average RGR value of juveniles during all
three growing periods was about 50 mg/(g dry weight
day).

The change in RGR during different growth peri-
ods was positively correlated with the daily net carbon
assimilation rate (NAR). In “spring” and “autumn”
the NAR of plants was about 3 g dry mass/(m? day),
and in “summer” it decreased by an order of magni-
tude. The leaf area relative (LAR) to the total plant
mass varied diametrically between RGR and NAR. In
“summer” an increase in LAR of 30% was noted com-
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pared to the “spring” and “autumn” periods. The
greatest contribution to the LAR dynamics of juvenile
plants was made by changes in the specific surface
mass of the leaf.

Plants under constant lighting conditions (second
group). Juvenile plants grown under a constant light
intensity of 250 umol/(m? s) PAR, slightly exceeded
the height of the plants of the first group, but formed
30% more assimilating surface (1.3 £ 0.2 dm?/plant)
with a specific surface mass of 0.22 + 0.04 g/dm?.
Under conditions of constant light regime, plants
accumulated three times drier biomass (2190 =+
597 mg/plant), of which 70% was accounted for by
underground organs; the root/shoot ratio based on dry
mass weight was 2.5 + 0.2.

Juveniles of the second group demonstrated 20%
higher RGR, a two times higher NAR rate, and a 30%
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lower LAR value compared to plants of the first group
grown under variable light conditions (Fig. 3).

DISCUSSION

The invasion of tall hogweeds (Heracleum sosnows-
kyi, H. mantegazzianum, and H. persicum) began to be
noted in Europe in the 1970s and 1980s. Currently,
populations of invasive species maintain the flow of
generations and continue to spread beyond the native
range [8, 31].

Tall hogweeds, along with other invaders (Acer
negundo, A. platanoides, and Sorbaria sorbifolia), suc-
cessfully use the strategy of intercepting and reducing
the amount of light available to other species [22, 25,
32]. This universal mechanism allows for the regula-
tion of taxonomic and structural biodiversity in plant
communities and agrocenoses [2, 16—18, 26].

The radiation field in populations of H. mantegaz-
zianum depends on the dynamics of the formation of
the leaf surface and the architecture of the vegetation
cover. In the summer period, the majority of the
assimilating surface of generative plants of hogweed is
located in the upper layers and absorbs about 70% of
the incoming PAR. The spatial distribution of leaves
according to the “inverted pyramid” type determines
the amount of light resources in the vertical profile,
forms a microclimatic regime inside the canopy, and
ensures a high daily fixation of CO, by the plant com-
munity dominated by H. mantegazzianum [10, 11, 14,
15, 33]. Intensive shading by a closed leaf canopy may
indirectly indicate the efficient use of not only light, but
also other resources, and limits the flow of diaspores of
other plant species into the hogweed thickets [25].

In the structure of perennial coenopopulations,
juvenile H. mantegazzianum plants maintain a high
density (up to 1700 pcs/m?) due to annual fruiting and
the early spring development of seedlings. Juvenile plants
ensure the abundance of older age groups and the resto-
ration of the population after the total destruction of all
plants with developed leaves [ 14, 15, 34].

Growth indicators of H. mantegazzianum plants,
living in the ground layer of the population, depend on
the rhythm of development, the morphological struc-
ture of plants, and the architecture of the thickets. The
results of our study on juvenile plant growth under
controlled conditions confirm observations of natural
H. mantegazzianum cenopopulations. In the middle
taiga subzone of the Komi Republic, there are optimal
conditions for the accumulation of phytomass of juve-
nile H. mantegazzianum plants that are created in
spring and autumn [15, 27].

Immediately after the snow cover melts, when the
ground cover is not shaded by the leaves of large plants
and receives up to 100% of'solar radiation, a mass tran-
sition of H. mantegazzianum seedlings to the juvenile
age state is observed. Due to the contribution of the
majority of biomass to aboveground organs and the
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relatively high rate of photosynthesis, juvenile plants
maintain high daily values of net assimilation and
exhibit the highest values of relative growth rate. The
plasticity of the respiratory metabolism shifts the tem-
perature optimum for H. mantegazzianum growth, and
cold resistance ensures a positive carbon balance of
plants in conditions of low positive temperatures
(about 5°C), characteristic of the period of spring and
autumn growth [15, 35, 36]. Thus, the ecological and
physiological properties of H. mantegazzianum con-
tribute to the long vegetation period (up to 190 days) of
the plants in northern conditions [11, 31, 36].

Dynamic regrowth, the high quantum flow rate for
CO, absorption, and the high maximum rate of pho-
tosynthesis characterizes juvenile H. mantegazzianum
plants as light-requiring. At the same time, the hori-
zontal arrangement of leaf blades, low values of the
specific surface mass of leaves and light compensation
point, relatively high chlorophyll content, as well as
the significant size of the light-harvesting complex
indicate the high potential of juvenile plants for accli-
mation to shade. It is known that shade tolerance pro-
vides plant organisms with competitive advantages
under conditions of a canopy with a leaf area index of
about 3, despite a decrease in their growth rate in the
initial period [16].

Changes in the light flux in the ground layer affect
the structure and functional indicators of plants: CO,
fixation pathways, accumulation of reserve substances
in the underground parts, methods of protecting
renewal buds, and canopy architecture [2, 19]. The
absorption of light energy by the upper leaves leads to
a change in the spectral composition of light within
the canopy. Plants respond to an increase in the pro-
portion of far red light by developing “shade avoidance
syndrome” or by increasing the absorption of available
light resources, which increases the effectiveness of
competition within the canopy [16, 37, 38].

In developed H. mantegazzianum coenopopula-
tions the leaf area index reaches 4—6, which reduces
the relative light content in the ground layer to an aver-
age of 1—2%. Under conditions of critical shading, up
to 80% of H. mantegazzianum juveniles may go into a
state of forced dormancy with the death of leaves [14,
15]. Some of the plants living in the ground layer retain
their above-ground organs, which can be associated
with the presence of sunny gaps in the vegetation
cover. The frequency and duration of sunlight that
affects plant growth in the canopy of multi-tiered phy-
tocenoses depend on weather conditions, the angle of
incidence of sunlight, the architecture of plant cover
elements and the orientation of leaf blades. According
to our observations, the light content of the ground cover
in H. mantegazzianum coenopopulations can increase up
to 50—60% locally, which indicates the horizontal non-
uniformity of illumination [16, 39, 40].

In our experience H. mantegazzianum plants suc-
cessfully tolerated a reduction in illumination to
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20 umol/(m?s) PAR for 51 days, which is comparable
to the period of shading of the ground layer of natural
hogweed populations under natural conditions [15].
An increase in the proportion of leaf petioles in the
total biomass allowed juvenile H. mantegazzianum
plants to direct their leaf blades upward, closer to the
light source, which is demonstrated by many plant
species as light decreases [26, 38]. Juvenile H. man-
tegazzianum adapted to shading, significantly reducing
the specific surface mass of leaves to the threshold val-
ues of herbaceous perennials living in high-density
cenoses [16, 41]. For the additional absorption of low-
intensity light and compensation of quantum con-
sumption for CO, assimilation the plants increased
their leaf area and the proportion of photosynthetic
pigments in the light-harvesting complex. A decrease
in the proportion of leaves in the total biomass reduced
the respiratory costs of maintaining above-ground
organs. These changes allowed juvenile H. mantegazzia-
num plants to overcome prolonged shading, maintain a
positive carbon balance, and double the total dry mass.

The natural dieback of reproductive H. mantegaz-
zianum plants creates conditions for juvenile plants to
transition from low to high light intensity. The results
of our experiment showed that juvenile plants require
a relatively small amount of photosynthetic pigments
to maintain the light saturation of photosynthesis. It
was previously established [11], that under natural
conditions, H. mantegazzianum seedlings and juveniles
are capable of assimilating up to 56 and 28 mg of
CO,/(g dry mass h) respectively. With the increase in
the flow of PAR, plants that retained their above-
ground parts quickly increase the rate and efficiency of
CO, assimilation, formed new leaves adapted to more
intense light, which caused an increase in net carbon
assimilation and, accordingly, RGR. During the
“autumn” period, juvenile plants stored dry biomass
mainly in underground organs, as evidenced by the
tendency to decrease the intensity of the DR of the
caudex and roots, as well as a significant increase in
their share in the structure of the biomass.

During the period of active growth (“spring”), the
daily respiratory expenditure of juvenile H. mantegaz-
zianum plants did not exceed 20% of the gross photo-
synthesis value. During shading (“summer”), the bal-
ance between the flow of carbon from photosynthesis
and its outflow through respiration was impaired,
which affected the distribution of assimilation prod-
ucts used for the synthesis of structural biomass and
deposited as reserve. An unfavorable ratio of photo-
synthesis to respiration is the main factor triggering
the programmed death of photosynthetically ineffi-
cient leaves [41]. After the restoration of illumination
intensity (in “autumn”), respiration accounted for
about 70% of gross photosynthesis, which was associ-
ated with an increase in the proportion of heterotro-
phic tissues (roots, caudex, petioles) and the mainte-
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nance of moderate photosynthetic activity by juvenile
plants.

It is known that light has opposite effects on the
components of the relative growth rate—NAR and
LAR [21, 42]. During periods unfavorable for growth,
their change ensures the physiological integrity of the
organism [43]. As shown above, H. mantegazzianum
juveniles overcame insufficient lighting levels by using
various means to capture additional light. Reducing
the light supply by an order of magnitude reduced the
NAR of plants mainly due to a decrease in the rate of
photosynthesis. However, juvenile plants partially
compensated for the decline in growth rate by increas-
ing LAR, mediated by changes in the specific surface
mass of leaves.

The decrease in the growth activity of juvenile
plants during summer shading is explained by the sav-
ing of resources in unfavorable light conditions, a
decrease in the use of photoassimilates and mineral
elements in the composition of structural biomass,
which allows the storage of metabolites for subsequent
growth. It can be assumed that the illumination is
about 20 umol/(m? s) PAR is the threshold for main-
taining a minimum relative growth rate by juvenile
H. mantegazzianum plants. A further decrease in illu-
mination will lead to the death of the above-ground
part and the transition of the plants into a state of
forced dormancy.

In explaining genotypic differences in RGR
between slow and fast growing species, the contribu-
tion of LAR is considered to be more significant than
NAR. At the same time, it was noted that under con-
ditions of a noticeable increase in illumination inten-
sity, the increase in RGR is determined to a greater
extent by the growth of NAR—mainly due to the
increase in the rate of photosynthesis per leaf area [21,
43]. The results we obtained are consistent with these
considerations. The RGR value of H. mantegazzianum
juveniles correlated positively with NAR and nega-
tively with LAR.

According to numerous data [20, 43, 44], the rela-
tive growth rate of plants varies over a wide range, from
15 to 350 mg/(g dry weight day). It was previously
established that invasive hogweeds are characterized
by RGR from 83 [13] to 156—186 mg/(g day) [7] and
exceed a number of native herbs by 2—3 times. Our
data confirm that under relatively high light conditions
the relative growth rate of H. mantegazzianum juveniles
reaches 60—80 mg/(g day), and during strong shading
it decreases by 3—5 times. The average RGR value of
plants grown in the experiment under alternating
lighting was 43 mg/(g day), and in the control under
conditions of constant illumination intensity it
increased by 20%.

The above data allow us to classify H. mantegazzia-
num as a plant with a relatively low rate of biomass
accumulation. Under natural conditions, in spring,
the potential RGR is achieved (up to 80 mg/(g dry
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mass day)), which supports the competitive growth of
juvenile plants, and in autumn ensures the storage of
plastic substances in their underground organs.
Despite a significant decrease in RGR under shaded
conditions, H. mantegazzianum juveniles can accumu-
late significant phytomass due to long vegetation. In
the middle taiga subzone of the Komi Republic, H.
mantegazzianum plants vegetate from the end of April
to the end of October. By the beginning of the third
year of life, the underground organs of individual
plants store more than 100 g of dry mass, which is used
in the spring for rapid remobilization and the forma-
tion of a leafy surface of up to 2 m? [10, 15].

The apparent contradiction between low RGR,
plant size, and intensive space occupation can be
explained by the secondary habitat conditions and
growth patterns of H. mantegazzianum: (1) a long
period of vegetation due to the cold resistance of
plants; (2) rapid use of reserve substances of under-
ground organs (remobilization) for leaf growth and inter-
ception of light resources in the early spring period; and
(3) regulation of growth activity and dormancy of pre-
generative plants and the suppression of the vital activity
of other plant species due to the powerful phytogenic
field of generative plants [6, 10, 14, 15].

Due to the diversity of the structural and functional
organization of plants and the presence of a dormant
period in low-species communities dominated by
H. mantegazzianum, the principle of temporal
sequence of growth and development works well,
aimed at maintaining a highly productive multi-tiered
cenosis. By adapting to different lighting regimes,
plants change their architecture and effectively use
light energy to accumulate biomass [16]. Dormant juve-
niles, along with the underground buds, participate in the
population renewal of H. mantegazzianum after damage
to the above-ground organs of plants [11, 15].

Juvenile plants in H. mantegazzianum coenopopu-
lations form a functional group (phenotypic class) dis-
tinguished by a survival strategy, which contributes to a
more complete use of possible resource niches and gives
hogweed an advantage over populations of species spe-
cialized for certain living conditions [45]. The described
mechanisms support a continuous flow of generations,
regular reproduction and recovery from disturbances,
which ensures the successful dispersal, naturalization,
and competitiveness of H. mantegazzianum.

CONCLUSIONS

In a laboratory experiment, a light regime typical
for the living conditions of juvenile H. mantegazzianum
plants in the ground layer of self-sustaining popula-
tions of the species was simulated. Juvenile plants
grown for a long time (comparable to the growing sea-
son) under different light intensities were character-
ized by noticeable changes in the structural and func-
tional organization and growth.
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During the initial stages of juvenile growth (the first
period of cultivation under illumination of
250 umol/(m?s) PAR) noted the contribution of the
main plant phytomass to the leaf surface and the
maintenance of a high rate of CO, assimilation. The
relative growth rate of H. mantegazzianum plants
reached 80 mg/g dry weight day. A significant reduc-
tion in light requirements (second growing period at
20 umol/(m?s) PAR) led to the elongation of petioles,
a decrease in the specific surface mass of leaves, and
an increase in the size of the light-harvesting complex
of the assimilation apparatus of juvenile plants.
During long-term shading, the main contribution to
the reduction of the relative growth rate of plants to an
extremely low value of 14 mg/(g dry mass day) con-
tributed to a decrease in the rate of net carbon assimi-
lation mediated by photosynthesis. The restoration of
light intensity (third growing period at 250 (tmol/(m?s)
PAR) activated the intensity of growth processes and
contributed to the effective storage of plastic sub-
stances in the underground organs of juvenile plants.

Thus, the results of the experiment show that under
natural conditions, juvenile H. mantegazzianum plants
form a functional group characterized by the efficient
use of light resources in the spring and autumn periods
with the possibility of transitioning to a state of forced
dormancy in the summer. The extended vegetation
period ensures the accumulation of phytomass of juve-
nile plants, despite the relatively low growth rate of
H. mantegazzianum. The structural and functional
adaptation of juvenile plants to conditions of variable
light conditions and the ability to go into a state of dor-
mancy contribute to the preservation of the size and
age spectrum of H. mantegazzianum populations
under conditions of strong intraspecific competition.

ABBREVIATIONS AND NOTATION

AN assimilative number

DR dark respiration

LCP light compensation point
LHC light-harvesting complex
SLM specific leaf mass

PAR photosynthetically active radiation
NP net photosynthesis

Chl chlorophylls

LP local population

LAR leaf area ratio

NAR net assimilation rate
RGR relative growth rate
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