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Abstract—This study investigates the mechanisms enabling Heracleum mantegazzianum Sommier & Levier to
sustain stable population dynamics in the middle taiga subzone of European Northeast Russia without main-
taining a persistent soil seed bank. Our analysis of mericarp (“seed”) viability in the soil bank, seedling
recruitment patterns, and juvenile plant development demonstrates that while populations accumulate sub-
stantial quantities of empty seed coats, viable mericarp density never exceeds 2000 units/m?. The extended
natural stratification period (six months) facilitates nearly complete germination of the previous year’s seed
cohort during spring, resulting in the formation of only a transient seed bank under these climatic conditions.
Field observations reveal remarkably consistent juvenile plant densities averaging 200 individuals/m?, main-
tained through three synergistic factors: reliable annual seed production, rapid spring seedling establishment,
and the facultative retention of second-year plants in a juvenile growth stage. The ecological strategy of juve-
nile plants combines efficient seasonal light capture during spring and autumn with summer dormancy,
allowing them to persist under conditions of intense intraspecific competition. H. mantegazzianum imple-
ments a sophisticated bet-hedging strategy characterized by minimal reproductive allocation (<0.01% popu-
lation contribution), preservation of dormant underground meristems, and phenotypic plasticity of juvenile
individuals. These integrated adaptations collectively ensure population stability despite environmental fluc-
tuations and the evolutionary trade-off of lacking long-term seed banking capacity.
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INTRODUCTION

The concept of biological bet-hedging draws an
analogy between risk-reduction strategies in financial
markets and those employed by biological populations
to minimize extinction risk across generations (Evans
and Dennehy, 2005; Childs et al., 2010; Starrfelt and
Kokko, 2012; Krylov et al., 2021).

A canonical example of biological bet-hedging in
plants is the formation of soil seed banks (Evans and
Dennehy, 2005; Childs et al., 2010). The capacity to
maintain long-term persistent seed banks represents a
key adaptive trait contributing to the invasive success
of many plant species (Gioria et al., 2021). However,
certain widespread invaders employ an alternative
strategy—forming short-term persistent (transient)
seed banks according to Thompson’s classification
(Thompson et al., 1997). Notable examples include
two giant hogweed species, Heracleum mantegazzia-
num Sommier & Levier and Heracleum sosnowskyi
Manden., which have achieved extensive colonization
across much of continental Europe (Pysek et al., 2007;
Dalke and Chadin, 2023).

Recent molecular genetic evidence (Shadrin et al.,
2024) demonstrates phylogenetic congruence between
invasive giant hogweed populations (traditionally
identified as H. sosnowskyi) in northern European
Russia and H. mantegazzianum specimens from their
native range on Western Caucasus. Based on these
findings, we hereafter refer to the studied invasive
giant hogweed populations as H. mantegazzianum,
recognizing H. sosnowskyi to be conspecific with
H. mantegazzianum at minimum within the examined
portion of the invasive range.

Due to the exclusively sexual mode of reproduction
in H. mantegazzianum, key reproductive parameters—
including dispersal mechanisms, mericarp (“seed”)
stratification, and seasonal dynamics of seed bank
abundance and germination—have been extensively
studied. The term “seed” is used here conditionally, as
the true fruit in Apiaceae species is a schizocarp (Tik-
homirov, 1958; Satsyperova, 1984; Tkachenko, 2020).
In Heracleum, this fruit dissociates into two mericarps,
each containing a single seed.

Within its invasive range, H. mantegazzianum
exhibits high reproductive potential, with individual
plants producing up to 10000—20000 mericarps per
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generative individual. The majority of these diaspores
are deposited into the soil seed bank during autumn,
while a smaller proportion remains attached to inflo-
rescences, constituting an aerial seed bank. Within the
soil bank, mericarps are predominantly concentrated
in the upper soil layer (0—5 cm depth), with their den-
sity showing significant variation across local popula-
tions (Skupchenko, 1989; Pysek et al., 2007; Dalke
et al., 2015; Tkachenko, 2020).

The majority (76—98%) of H. mantegazzianum
seeds germinate during spring, resulting in near-com-
plete depletion of viable seeds from the soil by mid-
growing season (Moravcova et al., 2006). Long-term
field experiments demonstrate that mericarps remain
viable in soil for up to seven years, though germination
rates decline sharply over time. Specifically, only 8.8%
of buried seeds remained viable after one year,
decreasing to 2.1% after two years, 1.2% after three
years, 0.4% after five years, and 0.1% after seven years
(Moravcova et al., 2018).

Multiple studies have documented the rapid sum-
mer renewal of juvenile H. mantegazzianum individu-
als following the removal of both pre-reproductive and
reproductive plants (Dalke and Chadin, 2010; Jodau-
giené et al., 2018; Chadin, 2020). Similarly, Panasenko
(2017) reported renewal in H. sosnowskyi, observing
regrowth from dormant caudices following various
disturbances including: (1) natural senescence of pho-
tosynthetic structures in mature plants, (2) mechani-
cal removal through mowing, and (3) chemical con-
trol via herbicide application.

The observed rapid depletion of H. mantegazzia-
num’s seed bank appears inconsistent with its demon-
strated capacity for rapid population recovery. This
apparent contradiction may stem from either:
(1) methodological difficulties of assessing mericarp
bank dynamics, or (2) an underestimation of the con-
tribution made by various age classes (or “phenotypic
classes” sensu Krylov et al., 2021) to population regen-
eration following significant mortality or damage
events.

The aim of this study was to investigate seasonal
dynamics in the soil seed bank, seedlings and juvenile
plant abundance, assessing their role in population
demography and the stability of self-sustaining inva-
sive H. mantegazzianum populations.

MATERIALS AND METHODS

Object of study. H. mantegazzianum—a perennial,
summer-green, herbaceous, tap-rooted, monopodi-
ally growing monocarp with a semi-rosette erect
shoot, geophyte. The umbels are numerous, 5—7 in
number; the central umbel is the largest. As men-
tioned above, the seeds of hogweeds are located inside
mericarps. Each fruit (fruit type—schizocarp) consists
of two mericarps. The embryo development and seed
dormancy release occur over several months at tem-
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peratures of +2...+5°C (stratification period). The
seeds exhibit epigeal germination, with field germina-
tion rates ranging from 20—70% (Tikhomirov, 1958;
Satsyperova, 1984; Tkachenko, 2020).

The complete life cycle (sensu Uranov, 1975) of
H. mantegazzianum can be divided into the following
ontogenetic stages (Kudinov et al., 1980; Satsyperova,
1984; Panasenko, 2017): seeds (se)—dormant dias-
pores; seedlings (p)—single-shoot individuals with
two oblong cotyledons and/or one simple, rounded
primary leaf; juvenile (j)—individuals with 1-2
(3) ternately lobed leaves; immature (im)—individuals
with divided (pinnatifid or palmatisect) leaves; virgi-
nile (v)—individuals with ternately compound or
imparipinnate leaves; generative (g)—individuals
retaining virginile leaf morphology but developing a
reproductive shoot.

In the study region, outside cultivated areas, the
pre-reproductive period of H. mantegazzianum lasts at
least two years and may extend up to six years (Dalke
et al., 2023). After fruiting, generative individuals
undergo monocarpic senescence and die within the
same year.

Study area and data collection. Data were collected
within the municipal district of Syktyvkar (Komi
Republic, Russia), characterized by a temperate con-
tinental climate with no dry season and cool summers.
The warmest month (July) has an average daily tem-
perature of +17°C, while the coldest (January) aver-
ages —16°C. Annual precipitation ranges from 600 to
700 mm. Snow cover typically appears in mid-Octo-
ber, becomes stable by early November, and persists
until late April to early May. The average daily tem-
perature rises above 0°C in mid-April (spring transi-
tion) and falls below 0°C in early October (autumn
transition). The frost-free period lasts 180—190 days
(Atlas of the Komi Republic..., 1997).

Study sites and populations. The investigated local
populations (LP) of H. mantegazzianum were estab-
lished on abandoned agricultural lands. The geo-
graphical coordinates of the study sites were as follows:
LP1 (61.638128° N, 50.832044° E), LP2 (61.607331° N,
50.735631° E), LP3 (61.702083° N, 50.818800° E),
and LP4 (61.645695° N, 50.731816° E). These loca-
tions had not been subjected to any weed control mea-
sures for over a decade, allowing for the natural devel-
opment of H. mantegazzianum populations during this
period.

Population-level phenological monitoring of
H. mantegazzianum was conducted from 2021 to 2023,
with methodological details available through the
online monitoring platform (http://proborshe-
vik.ru/fenologiya-2020).

Quantitative assessment of seed bank and first-year
plants was conducted through field observations using
a soil corer with an internal diameter of 10.5 cm and
height of 3.5 cm. Sampling was performed three times
annually during key phenological stages of
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Fig. 1. Phenological spectrum of H. mantegazzianum in self-sustaining populations, the sum of active temperatures above 5°C
(SATS5) and soil temperature. Key: /—seed dormancy and stratification, winter dormancy of plants; 2—seed germination and
development of basal leaves; 3—budding; 4—flowering; 5—fruiting; 6—seed dispersal and senescence of aboveground plant parts.

Phenophases 3—6 occur only in generatively mature plants.

H. mantegazzianum: (1) early growing season (April—
May), (2) flowering and fruiting period (June—
August), and (3) post-seed dispersal (September—
October) from 2021 to 2023. Biological replicates con-
sisted of 10—30 samples per population per sampling
event, totaling 771 samples collected. Each sample was
analyzed for seed (se), seedling (p), and juvenile plant
(j) counts.

The seeds extracted from soil samples were exam-
ined under a stereo microscope (“MBS-10,” Russia)
to categorize them into three groups: empty seed coats
(se), viable seeds with intact embryos (se*), and non-
viable seeds with damaged embryos (se”). Empty and
damaged seeds were clearly distinguishable based on
their color and structural integrity, the latter of which
was assessed through needle pressure testing.

The size of the aerial seed bank (seeds retained in
inflorescences at the time of sampling) was assessed in
March 2022. To sample the aerial seed bank, a transect
was established along the central axis of the LP. Along
this transect, 1.5 X 1.5 m quadrats were positioned at
5—10 m intervals, totaling 49 sample plots. Within
each quadrat, all seeds remaining in inflorescences
were collected.

Germination of H. mantegazzianum seeds was
investigated under laboratory conditions. Seeds from
both the soil seed bank and the aerial seed bank were
collected during winter and spring prior to the growing
season. After collection, seed samples were rinsed with
water, placed in containers, and covered with moist
cloths. To evaluate immediate germination capacity
and embryo development, half of the seeds from each
collection were incubated at 25°C. The remaining
seeds were subjected to cold stratification at 5°C to
assess germination under low-temperature conditions.
Germinated seeds were counted at regular intervals.
For embryo development analysis, randomly selected
seeds were dissected under a stereo microscope. The
embryo was localized, and both seed and embryo
lengths were measured to calculate their relative ratio.
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Photosynthetically active radiation (PAR) was
measured under field conditions during 2021 and 2022
using the LI-190SA Quantum Sensor (LI-COR,
United States). Measurements were conducted on
cloudless days during peak solar radiation hours
(12:00—14:00 local time). Quantum sensors were posi-
tioned at two heights: at 250 cm above ground level to
measure total incoming PAR, and at 10—15 cm height
to quantify PAR penetration through the developed
canopy of the H. mantegazzianum stand.

Soil surface temperature was monitored using TR-1
temperature loggers (Engineering Technologies LLC,
Russia) programmed to record data at 180-minute
intervals.

The sum of active temperatures above 5°C (SATS)
was calculated using mean daily air temperature data
obtained from the Syktyvkar weather station (WMO
index 23804), accessed through the “Reliable Progno-
sis” online meteorological database (https://rp5.ru).

For statistical analysis, both mean and median val-
ues were calculated to estimate central tendency. The
choice of measure (mean or median) is specified in the
text, figures, and table. Mean values are presented
with * standard deviation, while medians are reported
with = median absolute deviation. All computations
were performed in R (https://www.R-project.org).
Note that the median absolute deviation was calcu-
lated without applying the scale factor (1.4826).

RESULTS

Seasonal development of plants. Phenological mon-
itoring of H. mantegazzianum in the study region
revealed that seed dispersal occurred primarily in Sep-
tember. By late October, the deposited seeds were
snow-covered, facilitating embryo pre-development
via cold stratification (Fig. 1).

During the autumn-winter and early spring periods
(averaging 181 * 3 days), temperatures in the surface
soil layer (0—5 cm depth) ranged from —0.3 to 5.8°C.
Seedling emergence and initial growth of H. mantegaz-
Vol. 15
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Fig. 2. Seasonal dynamics of photosynthetically active radiation (PAR) availability for H. mantegazzianum plants. I—PAR inten-
sity at 250 cm above soil surface; 2—PAR intensity at 10—15 cm above soil surface. Data represent mean values * standard devi-
ation. Percentage values indicate the proportion of total PAR reaching the soil surface.

zianum commenced in mid-April to early May follow-
ing snowmelt, when soil temperatures exceeded 5°C.
Frequently, the leaves of seedlings, juvenile, and
immature plants formed complete ground cover. Sub-
sequently, rosette leaves of virginal and generative
individuals expanded. Generative individuals devel-
oped flower buds by mid-June and initiated flowering
in early July. By mid-August, both basal and stem
leaves of generative plants senesced while seed disper-
sal of the new generation began. During this period,
the accumulated sum of active temperatures above
5°C (SATS5) reached 1677 £ 74°C. The complete
growing season of H. mantegazzianum averaged 185 £
5 days, with the total accumulated active temperatures
measuring 2269 + 42°C (Fig. 1).

Annual patterns of photosynthetically active radia-
tion (PAR) penetration to the surface layer showed
significant variation (Fig. 2). During spring (April—
May), seedlings and juvenile plants received 30—100%
of total PAR. As virginal and generative plants devel-
oped their photosynthetic apparatus (June—July),
PAR availability for juveniles in the surface layer
declined to 1-2%. Following senescence of generative
individuals’ foliage (August—October), light availabil-
ity at juvenile leaflevel rebounded to 53% of incoming
PAR (Fig. 2).

Seed bank composition and regeneration dynamics.
Following autumn seed dispersal (September—QOcto-
ber), empty seed coats (se’) dominated the soil seed
bank, comprising 80—90% of all sampled material.
The median se® density reached 3974 individuals/m?
(maximum: 20733 individuals/m?). Viable seeds rep-
resented only 5—10% of the seed bank (median:
173 seeds/m?; maximum: 2419 seeds/m?) (Fig. 3).
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Annually, a portion of seeds remained on umbels
throughout autumn and winter. By March, the
median aerial seed bank density of H. mantegazzianum
reached 55 seeds/m?> (mean =+ standard deviation:
138 + 264 seeds/m?), with 27% viability (se™).

Population dynamics data for seeds, seedlings, and
juvenile H. mantegazzianum are presented in Table 1.
Given the rapid transition of stratified seeds to seed-
lings, we considered the combined pool of viable seeds
and seedlings (se* + p). All density measures (se*), (p),
and (se” + p) exhibited high variability, with coeffi-
cients of variation exceeding 100% (Table 1).

The median value of the sum of viable seeds (se*)
and seedlings (p) across all local populations (LP 1—4)
at the beginning of the growing season varied signifi-
cantly between years, ranging from 230 to 1382 indi-
viduals/m?. During summer, no seedlings were
observed, though a small number of viable seeds were
detected in some LPs (Table 1; Fig. 4a). By autumn,
following the dispersal of new seeds, the median den-
sity of the soil seed bank (se* + p) ranged from 230 to
1267 individuals/m? across different years (Table 1).

Observations of H. mantegazzianum LPs over an
annual cycle revealed that the median density of viable
seeds and seedlings decreased by 25% in spring, with
nearly complete depletion by mid-growing season
(Fig. 4a). In contrast, the density of juvenile individu-
als remained relatively stable throughout the year,
reaching a median of 230 individuals/m? by autumn
(Fig. 4b). Following overwintering, their abundance
declined by half. However, extensive seed germination
and rapid seedling development subsequently restored
juvenile plant density.
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Fig. 3. Composition of the soil seed bank in H. mantegazzianum local populations during autumn: (a) density of empty seed coats
(seo) versus intact seeds; (b) density of non-viable (se”) versus viable (se™) seeds. Data represent pooled values from all study pop-
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Fig. 4. Seasonal changes in the abundance of seeds, seedlings, and juvenile plants of H. mantegazzianum: (a) density of viable seeds
and seedlings, (b) density of juvenile individuals, and (c) the relationship between seed yield and the density of juvenile plants in
the following year (median values shown). Pearson correlation: » = 0.86, p = 0.0068; the dark gray background indicates the 95%
confidence interval. Data represent combined results from LPs 1—4 for the years 2021—2023.

During summer and autumn, an average of 42 *
34% of juvenile plants exhibited forced dormancy.
These plants possessed well-developed caudexes with
submerged renewal buds but completely lacked abo-
veground phytomass (Fig. 5). By August (coinciding
with the end of the fruiting period), the basal leaves of
generative individuals began to senesce, resulting in
significantly increased light availability in the surface
layer (Fig. 2). This enhancement in solar radiation
intensity triggered leaf growth from previously dor-
mant caudexes of juvenile plants. Our data demon-
strate a positive and statistically significant correlation

BIOLOGY BULLETIN REVIEWS

between the abundance of juvenile plants during sum-
mer and the seed yield from the previous year (Fig. 4¢).

Seed germination and embryo growth during strati-
fication. Laboratory observations revealed that seed
germination dynamics in both soil and air banks under
cold stratification conditions followed a logistic
growth pattern (Fig. 6a). Initial seed germination
occurred no earlier than 60—70 days after stratification
began, followed by an exponential increase in germi-
nation rates over the subsequent 60 days. By day 180 of
stratification, the cumulative germination percentage
reached 50%, after which no further changes were
observed.
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Fig. 5. Morphological variability in first-year H. mantegazzianum plants: (a) vegetative growth form, (b) forced dormancy state

(August—September 2021).
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Fig. 6. Germination dynamics of H. mantegazzianum seeds (a) and embryo growth (b) during cold stratification.

In germinating seeds, embryonic length reached
50% of total seed length. During autumn, embryos in
newly formed seeds were underdeveloped, measuring
<1 mm (approximately 11% of total seed length).
During the first month of stratification at 5°C, only a
small proportion of seeds developed embryos reaching
20—25% of seed length (Fig. 6b). After two months,
most embryos occupied 20—40% of seed length, with
a minor fraction exceeding 50%. Prolonged stratifica-

BIOLOGY BULLETIN REVIEWS

tion (up to 130 days at 5°C) increased the proportion
of seeds containing embryos >50% of total length.
Notably, seeds with underdeveloped embryos (<50%
of seed length) persisted throughout all artificial strat-
ification stages (Fig. 6b).

Viable seeds accounted for 20—45% of aerial seed
bank samples. From October to April, embryo size in
remaining inflorescence seeds showed minimal devel-
opment, with embryonic length never exceeding 10—
Vol. 15
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20% of total seed length. Cold stratification immedi-
ately post-collection demonstrated progressive germi-
nation: 2% after 60 days, increasing to 10—25% fol-
lowing an additional 30 days of stratification.

DISCUSSION

Invasive plant species exhibit the ability to main-
tain stable population density and structure, effec-
tively resist thicket eradication efforts, and persistently
colonize new territories (Ramula et al., 2008; Byun
et al., 2018). The presence of a persistent soil seed
bank (sensu Thompson et al., 1997) constitutes a key
factor facilitating biological invasion and sustaining
plant reproduction. During initial dispersal phases,
invasive herbaceous species may benefit from high
seed viability. Variation in seed dormancy periods
enables these plants to withstand unpredictable,
potentially lethal events—including intense competi-
tion, predation, and natural or anthropogenic distur-
bances—that typically eliminate actively growing indi-
viduals. This adaptive strategy reflects a bet-hedging
mechanism facilitated by long-term soil seed banks.
Furthermore, such persistent seed banks may drive
habitat modifications for plant organisms under cli-
matic variability (Cohen et al., 2008; Gioria et al.,
2021; Moravcova et al., 2022).

Current research has not reached a consensus
regarding the classification of H. mantegazzianum
(H. sosnowskyi) soil seed banks (Willis and Hulme,
2002; Gudzinskas and Zalneravic¢ius, 2018; Morav-
cova et al., 2018, 2022; Tkachenko, 2020). Several
studies (Dalke et al., 2015; GudzZinskas and Zalner-
aviCius, 2018) report rapid germination of most
autumn-dispersed seeds during the following spring,
suggesting a transient seed bank. However, evidence
indicates that a small proportion of seeds (1.2%) may
persist in soil for up to three years, with a minimal
fraction (0.1%) remaining viable for seven years
(Moravcova et al., 2018, 2022), implying a short-term
persistent seed bank under certain conditions.

Several researchers suggest that H. mantegazzianum
maintains its invasive potential even through a small
proportion of long-lived seeds in the soil bank, as the
absolute number of such seeds may reach ecologically
significant levels (PySek et al., 2007; Moravcova et al.,
2022).

Variation in seed bank depletion rates may arise
from climatic and edaphic factors specific to different
habitats of invasive hogweed, as well as methodologi-
cal differences in experimental designs. Environmen-
tal conditions are known to significantly influence
seed viability. Seed survival rates exhibit substantial
spatial variation across study sites, being strongly
mediated by soil characteristics and pathogen pressure
(Saatkamp et al., 2009). Furthermore, stratification
conditions can vary markedly across different portions
ofthe species’ range and between years. Notably, stud-

BIOLOGY BULLETIN REVIEWS  Vol. 15

No.5 2025

669

ies employing buried mesh bags may fail to accurately
represent natural seed bank dynamics, potentially
leading to biased estimates of seed bank persistence
(Mourik et al., 2005).

To minimize potential errors in estimating seed abun-
dance, we replicated our study on H. mantegazzianum
seed bank dynamics. Our reassessment revealed signif-
icant discrepancies, particularly in quantifying the soil
seed bank size. The actual seed density proved sub-
stantially lower than both our initial estimates and val-
ues reported in previous studies (PySek et al., 2007;
Dalke et al., 2015). Specifically, median viable seed
counts during autumn sampling periods remained
below 2000 seeds/m? (Table 1). The previously
reported higher values (up to 20000 seeds/m?) likely
resulted from methodological artifacts, including the
inadvertent incorporation of non-viable seeds (se™)
and empty seed coats (se®) that persisted in the soil
(Fig. 3).

Laboratory experiments demonstrated that pro-
longed exposure to low positive temperatures and
humidity triggers germination in nearly all viable
H. mantegazzianum seeds. These findings align with
field observations from the study area, where most
seeds germinate within the first year following autumn
dispersal. This rapid germination response results
from stable snow cover maintaining optimal tempera-
ture and moisture conditions for winter stratification
(Fig. 1). The mass germination of invasive seeds sup-
presses native vegetation through multiple mecha-
nisms: forming dense seedling carpets that blanket the
soil surface, exhibiting earlier emergence timing, and
demonstrating superior resource acquisition effi-
ciency (Gioria and Osborne, 2009; Moravcova et al.,
2022; Dalke et al., 2024).

Under these conditions, H. mantegazzianum seeds
from the aerial seed bank may remain dormant, par-
ticularly those that persist on inflorescences or
undergo late dispersal without achieving full matura-
tion. Viable seeds exhibiting delayed germination from
the aerial bank accounted for no more than 5% of the
species’ total seed production. Only a minimal quan-
tity of seeds containing underdeveloped embryos
potentially persists in the soil following spring disper-
sal of aerial bank seeds. However, this limited seed
reserve proves insufficient to facilitate rapid regenera-
tion of H. mantegazzianum populations following
complete eradication of vegetative plants through her-
bicide application, as documented by Chadin (2020).

We propose that H. mantegazzianum employs a bet-
hedging strategy not through the formation of a short-
term persistent seed bank with variable dormancy
periods (Moravcova et al., 2006), but rather through
staggered reproductive timing, where only a small
fraction of the population flowers annually. With an
average density of 1—2 reproductive individuals per m?,
these represent less than 0.01% of the total population
(Dalke et al., 2015; Antipina et al., 2017). Under inva-
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sion conditions, individual plants initiate reproduc-
tion between three to seven years of age (Dalke et al.,
2023). This “temporal diversification” of reproductive
effort across different-aged individuals represents a
classic example of evolutionary bet-hedging, enhanc-
ing population stability across generations (Childs
et al., 2010).

For reliable population maintenance through stag-
gered flowering of only a subset of individuals,
H. mantegazzianum has evolved two effective conser-
vation mechanisms that exemplify bet-hedging strate-
gies. First, a portion of juvenile plants enters pro-
longed dormancy. Second, the species forms a reserve
of underground vegetative and reproductive buds.
These adaptations collectively ensure population sta-
bility while minimizing reproductive risk.

The observed rapid recovery of H. mantegazzianum
populations following glyphosate-based herbicide
application (Chadin, 2020) can be attributed to juve-
nile plants entering forced dormancy (Panasenko,
2017; Dalke et al., 2024). These herbicides exclusively
eliminate plants with developed leaf surfaces, leaving
dormant juveniles unaffected. Population regenera-
tion occurs primarily through this reservoir of dor-
mant juvenile individuals rather than through the soil
seed bank, which remains virtually absent during sum-
mer months. Even when seeds are present in the soil,
their maturation and subsequent germination are con-
strained by ambient temperature requirements
(Stokes, 1952).

The dormant juvenile plant population frequently
exceeds 200 individuals/m?, a density sufficient for
complete soil coverage following emergence from dor-
mancy and regeneration of aboveground biomass.
This phenomenon typically manifests during autumn
months with increased surface-layer light availability,
or following glyphosate-based herbicide treatment of
H. mantegazzianum stands.

H. mantegazzianum populations maintain continu-
ous recruitment through rapid seedling establishment
early in the growing season. Even without new seed
input, existing juvenile individuals and mature plants
(approximately 20 individuals/m?; Dalke et al., 2024)
can sustain population reproduction for at least seven
consecutive years.

The underground reserve of vegetative and repro-
ductive buds enables H. mantegazzianum to withstand
repeated herbivory (in its native range) or complete
aboveground removal (common in invaded areas)
(PySek et al., 2007; Dalke et al., 2018). Each generative
shoot typically bears 5—6 dormant axillary buds on its
underground portion (Dalke et al., 2015), which can
regenerate replacement shoots following apical meri-
stem damage (Kudinov et al., 1980; Otte and Franke,
1998).

H. mantegazzianum employs a dual regeneration
strategy—combining rapid seed bank depletion with a
dormant bud reserve—to adapt to intense competition
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in montane meadow communities and mitigate risks
from herbivory (Nilsson et al., 1996). Within the CSR
framework (Grime, 2001), Caucasian populations of
Heracleum species exhibit predominantly competitive
(C) and competitive-ruderal (CR) strategies (Dudova
etal., 2019), reflecting centuries of adaptation to high-
altitude pastoral ecosystems. These large-biomass
plants typically produce numerous short-lived seeds
(Adzhiev et al., 2012), while their synchronous germi-
nation and wind-mediated dispersal (Dalke and
Chadin, 2023) facilitate rapid colonization. Crucially,
the risk of establishment failure is offset by vegetative
regeneration through dormant buds (Nilsson et al.,
1996), demonstrating an evolutionary bet-hedging
strategy.

In the middle taiga subzone of European Northeast
Russia, H. mantegazzianum exhibits significantly
greater maximum height and leaf area compared to
native grasses with competitive (C) or competitive-
ruderal (CR) strategies, including Angelica sylvestris
L., Dactylis glomerata L., Elytrigia repens (L.) Nevski,
Phalaroides arundinacea (L.) Rauschert, and Urtica
dioica L. (Dalke et al., 2018b). The species utilizes
these superior functional traits to effectively outcom-
pete native herbaceous vegetation. In invaded com-
munities dominated by H. mantegazzianum, interspe-
cific competition shifts to intraspecific competition
among individuals of different age classes.

H. mantegazzianum employs a bet-hedging strategy
by differentially allocating resources across age
cohorts to exploit all available ecological niches. This
phenotypic variation in offspring distribution (both in
abundance and biomass) enables more efficient
resource utilization than native herbaceous species
(Krylov et al., 2020). Such adaptive plasticity ensures
population stability despite the absence of a persistent
soil seed bank.

CONCLUSIONS

Through three years of field research in the middle
taiga subzone of northeastern European Russia, we
systematically examined: (i) the temporal dynamics of
soil seed bank replenishment and depletion, (ii) sea-
sonal variation in H. mantegazzianum seedling and
juvenile plant population densities, and (iii) their inte-
grated role in the species’ bet-hedging reproductive
strategy.

Our research revealed that the viable H. mantegaz-
zianum seed bank in soil remains below 2000 seeds/m?,
with the substantial presence of empty seed coats and
non-viable seeds (constituting 80—90% of total seed con-
tent) potentially leading to overestimation of actual soil
seed bank. Under the natural climatic conditions of
northeastern European Russia, H. mantegazzianum
maintains only a transient soil seed bank that becomes
nearly fully depleted during early growing season. This
pattern results from extended snow cover (persisting
Vol. 15

No. 5 2025
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up to six months), which creates optimal conditions
for cold stratification and subsequent synchronous
seed germination.

Despite low germination rates and slow matura-
tion, aerial seed bank (constituting <5% of total seed
production) maintain viability. This delayed germina-
tion capacity, coupled with interrupted embryo devel-
opment during summer months, accounts for the
occasional late-season emergence of H. mantegazzia-
num seedlings.

In its invasive range, H. mantegazzianum adopts a
bet-hedging strategy characterized by staggered repro-
ductive timing rather than seed heterogeneity. Specif-
ically, only a small fraction (<0.01%) of the population
undergoes flowering annually, while the majority
remains vegetative.

H. mantegazzianum maintains stable population
sizes through age-structured flowering patterns and
two key bet-hedging mechanisms: (1) juvenile plant
dormancy and (2) underground bud bank formation.
Under light-limited conditions, dormancy in up to
80% of juvenile individuals enables population recov-
ery following complete removal of mature plants. The
underground bud bank provides resistance against
both herbivory and aboveground biomass loss. These
complementary strategies ensure continuous genera-
tional turnover and sustained reproductive output,
thereby maintaining the species’ high invasive potential.
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