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Abstract—This paper analyzes the distribution of Heracleum persicum, H. mantegazzianum, and H. sosnowskyi
at the northern limit of their secondary ranges in Europe based on original and published data. The north-
ernmost H. persicum occurrences are localized in coastal regions in the northern and central parts of the
Scandinavian Peninsula (up to 71° N). In Fennoscandia, H. mantegazzianum and H. sosnowskyi were noted
up to 69° N. The gradient of climatic resources in the subarctic and temperate zones made it possible to iden-
tify factors limiting further expansion of these species in northern Europe and determine their tolerance limits
to these factors. The duration of the frostless season at the northern boundary of the secondary range of inva-
sive Heracleum species is 80—150 days. The probability of cold damage to vegetating plants in areas located
north of 66° N (i.e., in the northern part of Finland and in the continental northern part of European Russia)
is high. The biological minimum for the sum of active air temperatures >5°C is 1150°C, while the minimum
requirement of the studied plants for the sum of active temperatures >10°C is over 450°C. If available thermal
resources exceed this level, then invasive Heracleum species can naturalize in climatic conditions of subarctic
Europe. The presence of a sustainable snow cover more than 25 cm depth in areas where the minimum winter
temperatures are less than —30°C prevents the freezing of renewal buds and seedlings, thus, preserving the
viability of plants. It is proposed to use climatic indices computed as ratios between the air temperature and
the snow cover depth (or the precipitation amount in winter) as climatic markers characterizing wintering
conditions for plants. The main factors limiting the spread and naturalization of invasive Heracleum species
in northern Europe are lack of heat, soil freezing to temperatures critical for hibernating plant organs, and
early autumn frosts.
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INTRODUCTION

The spread of alien plant species attracts close pub-
lic and scientific attention owing to adverse impacts
exercised by invaders on native ecosystems and signif-
icant costs required to control them (Simberloft, 2009;
Pimentel, 2011; Pluess et al., 2012; Dalke et al., 2018).
The invasion of Heracleum mantegazzianum Sommier
& Levier, Heracleum persicum Desf. ex Fisch., C.A. Mey.
& Avé-Lall., and Heracleum sosnowskyi Manden.,
belonging to the section Pubescentia, genus Hera-
cleum, is currently under review since these species
became widespread in Europe. On the basis of their
similar habits (plant height up to 4—5 m and leaf
length up to 3 m), reactions to environmental factors,
and high invasive potentials, researchers consider
them a single group of invasive Heracleum species
(Nielsen et al., 2005; Ecology and Management...,

2007). Invasive Heracleum species are difficult to
identify (Jahodov4 et al., 2007) and can hybridize with
other species of the genus Heracleum (Stewart and
Grace, 1984; Rijal et al., 2015), which makes it possi-
ble to treat them as a single group for the purposes of
their invasive potential assessment and development
of control measures (Nielsen et al., 2005).

The history of their introduction has largely deter-
mined the modern distribution of these species in
Europe. H. persicum is widespread in Northern Europe
(Norway, Finland, and Sweden) (Nielsen et al., 2005).
The expansion of H. mantegazzianum is noted in a sig-
nificant part of the European continent: from the
Scandinavian Peninsula in the north to the Apennine
Peninsula in the south. The western boundary of the
invasive range of the species encompasses the British
Isles (Nielsen et al., 2005; Ecology and Management...,
2007), while the eastern boundary passes through cen-

203



204

tral Russia (Notov, 2005). H. sosnowskyi is more wide-
spread in Eastern Europe: the species is noted from
Poland, Bulgaria, and the Baltic states in the west
(Ecology and Management..., 2007; Vladimirov et al.,
2019) to the Ural Mountains in the east (Abramova,
2011). The southern border of the H. sosnowskyi distri-
bution range in Russia is located north of 50° N (Afonin
et al., 2017), while the northernmost occurrences were
registered on the Kola Peninsula (Men’shakova, 2011).

The leading role of climate in the distribution of
plants is generally recognized. Results of numerous
studies indicate that such factors as temperature
regime, amount of precipitation, and content of min-
eral nutrients in the soil affect the possibility of inva-
sion of alien species and changes in their distribution
ranges. Interactions between elements of global cli-
mate change that can contribute to biological inva-
sions are of special interest (Dukes and Mooney, 1999;
Simberloff, 2000; Clements and Ditommaso, 2011;
Allen and Bradley, 2016). A number of studies exam-
ined climatic conditions that determine the distribu-
tion of species of the genus Heracleum. It was found
that the key factors for successful H. mantegazzianum
reproduction in central Europe (Czech Republic) are
the temperature regime in the winter period and the
amount of precipitation (Pysek et al., 1998). Experi-
mental studies conducted in the altitudinal gradient in
England showed that a decrease in heat supply equal to
the reduction of the sum of active temperatures >5°C
to the level of 1000°C suppresses the biomass accumu-
lation process in H. mantegazzianum; the authors
believe that the formation of germinable seeds by the
plants under such conditions is unlikely (Willis and
Hulme, 2002). In the southern part of the H. sosnows-
kyi secondary range in European Russia, the main
factor limiting the spread of this species is moisture
availability. South of 60° N, the H. sosnowskyi occur-
rence frequency declines as the precipitation amount
decreases, and the southern limit of its distribution
range in European Russia coincides with the hydro-
thermal coefficient isoline equal to 1.25 (Afonin et al.,
2017).

However, the available data on the role of environ-
mental factors in the distribution of the invasive Her-
acleum species group in Europe (Pysek et al., 1998;
Willis and Hulme, 2002; Afonin et al., 2017) and
North America (Page et al., 2006) are insufficient and
do not make it possible to assess the effect of climatic
conditions on the northward expansion of the invasive
range of these species.

A characteristic feature of invasive species is their
ongoing expansion. It is believed that most naturalized
neophytes have not reached the equilibrium state yet
and will continue to expand their ranges for at least
150 years (Williamson et al., 2009). Modern climatic
changes can affect the distribution ranges of invasive
species (Dukes and Mooney, 1999; Clements and
Ditommaso, 2011). Therefore, it is important to deter-
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mine the potential limits of their invasive ranges and
factors affecting the distribution of these plants, both
for the purposes of fundamental science and for prac-
tical control of alien species (Willis and Hulme, 2002;
Simberloft, 2009; Pluess et al., 2012).

The purpose of this study was to assess environ-
mental conditions at the northern limit of modern
invasive ranges of H. persicum, H. mantegazzianum,
and H. sosnowskyi, identify factors limiting their fur-
ther expansion in northern Europe, and determine the
tolerance limits of the studied plants to these factors.

MATERIALS AND METHODS

Data Collection: Occurrences of Invasive Species
of the Genus Heracleum

Data on the H. persicum and H. mantegazzianum
distribution in the northern part of Europe were
obtained from the literature (Pysek et al., 2010; Ged-
eraas et al., 2012; Rijal et al., 2015, 2017). The geo-
graphic coordinates of giant hogweed discovery points
(Table 1) were obtained from the Global Biodiversity
Information Facility (GBIF) database (GBIF...,
2020). A critical analysis of the invasive Heracleum
species occurrence data accumulated in the GBIF was
performed; preference was given to occurrences previ-
ously mentioned in the literature and/or verified by us
through a visual assessment of spatially referenced
photographs available in the Google Street View
(2021).

Some data on H. sosnowskiy occurrences in the
northern part of European Russia were also obtained
by analyzing spatially referenced Yandex.Maps (2021)
and Google Maps photographs. Using built-in tools of
the cartographic services, the geographical coordi-
nates and survey dates were recorded for locations
where the presence of H. sosnowskyi plants was visually
confirmed. This data collection approach made it pos-
sible to specify the geographical coordinates of H. sos-
nowskyi occurrences in the cities of Murmansk,
Arkhangelsk, and Apatity. In addition, field studies
were conducted in 2016 and 2018 in the northern part
of European Russia (north of 66° N). The Inta and
Vorkuta urban districts in the Komi Republic (settle-
ments of Meskashor and Sivomaskinsky), where
H. sosnowskyi used to be cultivated as a fodder crop
(Khantimer, 1974), were surveyed. The total mileage
of field survey routes in the vicinity of the city of Inta
was 120 km; in the vicinity of the settlements of
Meskashor and Sivomaskinsky, 22 km. All data on
H. sosnowskyi occurrences collected by the authors in
the course of field studies and by analyzing Google
Maps and Yandex.Maps images have been published
in GBIF (Dalke et al., 2019).
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Collection and Processing of Meteorological Data

Long-term (1989—2019) meteorological data with
a daily resolution were obtained for occurrences of
invasive species of the genus Heracleum in Northern
Europe from the Global Historical Climatology Net-
work daily (GHCNAd) database, National Centers for
Environmental Information (USA) (Menne et al.,
2012). The geographic coordinates of weather stations
whose data were used in this study and their distances
from invasive Heracleum species occurrences are pro-
vided in Table 1.

The source GHCNGd data were transformed into a
tabular format with observation dates in rows and mete-
orological data in columns. The following variables were
used: TMAX (maximum daily temperature, °C), TMIN
(minimum daily temperature, °C), PRCP (precipita-
tion amount, mm), and SNWD (snow depth, cm). In
addition, the TAVG (average daily temperature, °C)
variable was computed for each day. A script written in
the Python programming language was used to automate
the data transformation procedure (Chadin, 2021a).

The climatic parameters and indices (ratios
between parameters) were used to characterize envi-
ronmental conditions in invasive Heracleum species
locations. The sums of active temperatures >5°C
(SAT;) and =10°C (SAT,,) (Selyaninov, 1937) were
used to estimate heat accumulation throughout the
year. In addition, the number of calendar days with
TAVG =5°C (DAYS_SAT; variable) and the number
of calendar days with TAVG >10°C (DAYS_SAT,,
variable) were computed. The TDIF variable was cal-
culated as the difference between the highest and low-
est air temperatures in the year.

Wintering conditions for plants were assessed
according to the absolute minimum air temperature
during the year (AMAT, °C) and a parameter pro-
posed by P.I. Koloskov: average snow cover depth in
the last third of February (SNDP, cm) (Sinitsyna
et al., 1973).

The winter severity index (WSI) proposed by
A.M. Shulgin was computed using the formula

Tmean min
WSI = ——, (1)

mean snow

where 7., min 1S the mean of the absolute daily air
temperature minimums in January and February and
Hcan snow 18 the mean snow cover depth for the same
period (Sinitsyna et al., 1973).

The data source used in this study provides data on
the snow cover depth not for all weather stations.
Therefore, an additional index, IDY, equal to the
reciprocal value of the dryness index DY (Kaverin
et al., 2019) was used to assess the severity of winter:

FDD
RW

DY = , 2)
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where FDD is the sum of below-zero temperatures
throughout the year (°C) and RY is the amount of pre-
cipitation in the cold period of the year (i.e., the period
used to calculate FDD) (mm).

Another technique used to assess the severity of the
winter period was based on the air temperature and
duration of cold weather (Urban et al., 2018). The
winter severity index (WOW) was calculated as fol-
lows:

WOW = (1-0.25Tw)x0.8325+ 0.0144NDw
+ 0.0087NDf + 0.0045NDvf x 0.0026ST,

where Tw is the average air temperature in winter (°C),
NDw is the number of winter days (i.e., days with
average daily temperatures <0°C), NDf is the number
of cold days (maximum temperatures <0°C), NDvf'is
the number of very cold days (minimum temperatures
<—10°C), and ST is the sum of average daily tempera-
tures <0°C.

The last date before July when TMIN dropped
below 0°C was taken as the last frost of the year. The
first date after July when TMIN dropped below 0°C
was taken as the first frost of the year. The duration of
the frostless period was calculated as the number of
days between the last and first frosts in the year.

Statistical analysis of the meteorological data was
performed using the R environment (R Core Team,
2017). Samples were described using the mean value,
the standard deviation, and the minimum and maxi-
mum values. Box plot charts constructed using the
boxplot function of the R environment were used to
process, group, and rank climatic indices. The source
code of the R program used to perform the computa-
tions and the source data set have been published in
the public domain (Chadin, 2021b).

3)

RESULTS

Invasive Heracleim Species Occurrences at the Northern
Limit of Their Secondary Range

According to the published data (PySek et al., 2010;
Gederaas et al., 2012; Rijal et al., 2015, 2017), the
northernmost H. persicum occurrences are localized in
coastal areas of northern and central Norway (up to
71° N) and in northern Finland (up to 68° N). The
northern H. mantegazzianum distribution limit
encompasses the southern and central parts of the
Scandinavian Peninsula (Norway, Sweden, and Fin-
land) (Table 1, Fig. 1).

H. mantegazzianum plants have been discovered up
to 69° N. Invasive Heracleum species occurrences
identified in the course of the visual analysis of Google
Maps panoramic images are localized in anthropo-
genically transformed areas, in settlements, and along
roads.

The northernmost H. sosnowskyi occurrences were
described on the Kola Peninsula close to 68° N
(Avrorin et al., 1964; Men’shakova, 2011). In addition,
Vol. 13
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Fig. 1. Heracleum mantegazzianum, Heracleum persicum, and Heracleum sosnowskyi occurrences at the northern limit of the sec-
ondary range of the species and location of meteorological (weather) stations (marked by asterisks). The occurrences are plotted

in accordance with GBIF.org (2020).

the plants were found north of 64° N in Arkhangelsk
Region (Dalke et al., 2019). Using Google Maps and
Yandex.Maps, we determined the geographic coordi-
nates of H. sosnowskyi populations in Murmansk, Apatity,
and Arkhangelsk with an accuracy of 30—100 m (Table 1).
Analysis of images showing H. sosnowskyi thickets in
Murmansk and Arkhangelsk oblasts indicates that the
plants are confined to residential areas or localized on
disturbed lands.

In the course of field studies conducted in the con-
tinental northern part of European Russia, H. sos-
nowskyi was found north of 66° N in the vicinity of the
city of Inta (66.0499° N, 60.1657° E). The active
spread of H. sosnowskyi was noted within the boundar-
ies of the city, in abandoned gardens, and on road-
sides. The plants localized on fallow lands occupied
the largest areas. Plants representing all age stages
were present: seedlings, juvenile, vegetative, and gen-
erative individuals. The plants bear fruit in climatic
conditions of this region, and their populations are
self-maintained.

In addition, searches for H. sosnowskyi were per-
formed north of Inta: in the settlements of Meskashor
(66.6095° N, 62.5291° E) and Sivomaskinsky
(66.6755° N, 62.5777° E); back in the 1950s, attempts
were made to introduce H. sosnowskyi there as a silage
crop with the purpose to improve floodplain meadows
(Khantimer, 1974). Data collected in the course of
route surveys indicate that plant communities in the
study area currently do not include H. sosnowskyi.

RUSSIAN JOURNAL OF BIOLOGICAL INVASIONS
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Comparison of Climatic Conditions in Locations
of Invasive Heracleum Species

In 1989—-2019, the average number of days in a year
with average daily air temperatures >5°C (DAYS_SAT5)
at the northern limit of the range of invasive Hera-
cleum species varied from 116 to 150 days (Table 2).

The lowest heat supply was registered on the north-
eastern coast of the Scandinavian Peninsula (Gamvik
and Vardg, Norway) where average SAT 5 values do not
exceed 1200°C. Deeper into the peninsula, the heat
supply to plants increases, and the SATs value reaches
1400—1500°C. On the Kola Peninsula and in the con-
tinental northern part of European Russia, SAT; val-
ues are at the same level. The average numbers of days
in a year with average daily air temperatures >10°C
(DAYS_SAT,,) are significantly smaller: from 37
(Gamvik and Vardg, Norway) to 101 days (Arkhan-
gelsk, Russia). In the course of the growing season,
plants receive from 454 to 1538°C SAT,,. The heat
supply to plants varies significantly over the years. Sig-
nificant SAT; and SAT, deviations from the average
values were observed throughout the entire area under
study (Table 2).

A characteristic feature of climatic conditions in
the northern part of the Scandinavian Peninsula is a
significant (75—94 days) difference between the num-
bers of days with average daily air temperatures >5°C
and >10°C. As the climate continentality increases,
this difference is halved. The difference between these
two periods determines a significant discrepancy

No.2 2022



ZAKHOZHIY et al.

208

‘s191owered d1eWID JO SaN[BA WNWIXEW PUB WNWIUIW 9} AI. dUI] Y} MO[oq ‘uon

-BIAQD PIBPUR)S F AN[BA UBIW Y] SI QUI[ 9} 2A0QY "3dIp I9A0D MOUS 9TeIdAR oY) ST JMNS DAV PUB ‘184 o) Surlnp arnjerodwa) Jre wnwiiurw ay) st IVINY ‘01 LVS Yl skep jo
Joquinu AUl ST SAVA 01 LVS ‘S LVS UYiam sAep Jo zoquunu oyl ST SAVA S LVS ‘D012 seinjeradwd) 9A1)0k JO wins Yl SI )] LVS ‘o< SaInjeradwa) 9A130R Jo wins Yl SI ¢ VS
(2107 T8 19 SUURN) (VS(]) UONBUWLIOJU] [BIUSWUOIIAUY JOJ SI9IUQ)) [euoneN ‘oseqeiep (PNDHD) AJrep y1omlaN ASojorew1])) [eOLI0ISIH [BQO[D) 9} Ul 90O UONEIS 4

ses | cerwe | Ol |gewei|  wwos | dremsr | WY | OISTHONVINY | o
st | vertwe | eee | erwor| st | woecenr | N |
frew | ecerwe | seel |worowi|  sreenr | dorwew | SUWOW | OISNVRMOR |
se | wewee | (e |oeosn | fresm | soressst | SPRR | VSIVIVANWY |9
ﬁ $ Nwwﬂpww ﬁ NM_#MN@_ % PIAYUBPOS | SMV  VIAMNVAOS | S
ﬁ % ﬁ ﬁ ﬁ ﬁ oswor], OSIOY.L £
V/N % % ﬁ ﬁ % Arawrey YAd SANLLATS I
o ‘GMNS DAV Do ‘IVINV skep ‘O IvSTSAVA | Do ‘O'IVS | s&ep “IVS SAVA | Do SIVS JUIWIS[RS oweu SINH ‘ON

(6107—6861) So8uULl ATEpU0Das II3Y) JO JWI] UISYLIOU Y] UO SIOUIINII0 SA10ads WNS[OBISH SAISBAUL JE sIojoweled onewi)) 7 dqelL

2022

No. 2

Vol. 13

RUSSIAN JOURNAL OF BIOLOGICAL INVASIONS



ECOGEOGRAPHICAL ANALYSIS

between the parameters reflecting the heat supply to
plants at the SAT; and SAT, levels.

The duration of the frostless season in the area
under study varies widely (Zakhozhiy et al., 2021).
The greatest values for the period from the last spring
frost to the first autumn frost are 140—150 days (Gam-
vik, Vardg, and Tromsga, Norway). Most often, the last
frost is registered there in the second ten days of May,
and the probability of frost in June is less than 6%.
Autumn frosts usually begin in late September—QOcto-
ber. As the distance from the seacoast increases, the
frostless period duration significantly decreases. The
most unfavorable conditions in terms of the probabil-
ity of cold damage to vegetating plants are observed in
the northern part of Finland (Muonio, Kittila, and
Sodankyld) and in the continental northern part of
European Russia (Inta). The values of the duration of
the frostless season in these areas vary from 80 to
92 days; deviations observed in various years amount
to 50—126 days. Concurrently, the probability of frosts
in June is 29—77%, and first frosts occur as early as
August. In terms of dates of first frosts and the frostless
season duration, locations of invasive Heracleum spe-
cies on the Kola Peninsula and in Arkhangelsk Region
(Russia) occupy an intermediate position between val-
ues of these climatic parameters registered in the
northern coastal part of the Scandinavian Peninsula
and in the continental northern part of European Rus-
sia (Zakhozhiy et al., 2021).

The periphery of the northern distribution limit of
invasive Heracleum species is very heterogeneous in
terms of the temperature regime in the winter period.
The values of the absolute minimum air temperature
(AMAT) in coastal sites of invasive Heracleum species
in Norway never drop below —15°C (Table 2). Deeper
into the Scandinavian Peninsula, the AMAT value
decreases to —35 to —37°C (Muonio, Kittild, and
Sodankyla, Finland). The lowest average values of the
absolute minimum air temperature in winter were regis-
tered in the continental northern part of European Rus-
sia (Inta). The TDIF value reflecting the difference
between the maximum and minimum air temperatures
during the year and characterizing the climate continen-
tality varies from 27°C in the coastal northwestern part of
Norway to 64°C in the continental northern part of
European Russia (Fig. 2).

Except for the northeastern coastal regions of the
Scandinavian Peninsula (Gamvik, Vardg, and
Tromsg@, Norway), the winter period in the area under
study is distinguished by the presence of a sustainable
snow cover more than 25 cm deep. In the coldest
regions where absolute minimum winter temperatures
are below —30°C, the average snow cover depth in
January—February is 39—60 cm. According to the data
collected at the SLETTNES _FYR and VARDO sta-
tions (Norway), the average AMAT values amount to
—12 to —13°C (Table 2).
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The WSI and WOW indices indicate a significant
geographical differentiation in the severity of the win-
ter season in the northern part of the secondary range
of invasive Heracleum species; this differentiation can
be clearly traced along the line going from the Barents
Sea coast to internal regions of the Scandinavian Pen-
insula and to the continental part of Europe (Fig. 2).

The WSI index computed as the ratio between the
air temperature and the snow cover depth varies widely
in the area under study. At Heracleum species occur-
rences in Norway and Finland, its values do not
exceed 0.4. In Russia, the severity of the winter season
increases, and average WSI index values reach 0.55—
0.57 in Inta and Murmansk. Analysis of climatic condi-
tions in the winter period performed on the basis of the
IDY index representing the ratio between the sum of
below-zero air temperatures and the amount of precipi-
tation in the winter period reveals a similar climatic pat-
tern (Fig. 2).

Analysis of the WOW index confirms the above-
described trend. According to the WOW values, the
severity of the winter period at the northern limit of
the secondary range of invasive Heracleum species
increases with distance from the seacoast of Norway to
European North-East Russia from 4 to 11 in the fol-
lowing order: Tromsg—Gamvik—Vardg < Murmansk <
Sodankyla—Arkhangelsk—Kandalaksha < Muonio <
Inta. The greatest WOW index variability (from 8 to 14)
was registered in Inta (Fig. 2).

DISCUSSION

Occurrences of Invasive Hogweed Species
at the Northern Limit of Their Secondary Range

The periphery of the northern limit of the second-
ary range of invasive invaded species encompasses vast
areas in the subarctic and temperate zones with con-
trasting climatic conditions. At present, all three spe-
cies occur north of 68° N. H. mantegazzianum and
H. persicum are described as part of the adventitious
component of the flora of the Scandinavian Peninsula
(Norway, Finland, and Sweden); the northernmost
H. sosnowskyi occurrences are located on the Kola
Peninsula (Russia).

At the northern limit of the secondary range of
invasive Heracleum species, their occurrences are usu-
ally confined to transformed areas. The most favorable
conditions for the spread and self-reproduction of
these plants are formed on abandoned agricultural
lands, in settlement areas, along roads, and on lands of
private households (Ecology and Management..., 2007,
Chadin et al., 2017). Apparently, microclimatic and
edaphic conditions of habitats formed as a result of
anthropogenic transformations of the soil and vegeta-
tion cover play a significant role in the naturalization
of invasive Heracleum species in a cold climate. Such
factors as less intense phytocoenotic competition with
native plant species, changes in physicochemical soil
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Fig. 2. Climatic indices at Heracleum mantegazzianum, Heracleum persicum, and Heracleum sosnowskyi occurrences located near
the northern limit of their secondary range in Europe: (a) TDIF (difference between the highest and lowest air temperatures in
the year), (b) WOW (winter severity index), (c) WSI (winter severity index), and (d) IDY (winter severity index). The indices have
been computed for the period of 1989—2019 on the basis of GHCNd meteorological data with a daily resolution, National Centers
for Environmental Information (USA) (Menne et al., 2012). Meteorological (weather) stations: (1) SLETTNES_FYR,
(2) VARDO, (3) TROMSO, (4) MUONIO_ALAMUONIO, (5) SODANKYLA_ AWS, (6) KANDALAKSA, (7) MURMANSK,

(8) PETRUN, and (9) ARHANGELSK.

properties, and higher availability of mineral nutrition
elements as a result of human economic activities can
facilitate the intrusion of Heracleum species into exist-
ing biocenoses. In addition, it cannot be ruled out that
the warming impact of aboveground and underground
structures (buildings, heat supply networks, and engi-
neering and technical communications) in urban areas
can affect seasonal changes in thermal regimes of soils
and air, thus exercising a positive effect on the naturaliza-
tion of alien plants.

Analysis of Climatic Parameters
at the Northern Limit of the Invasive Range

Climate is the most important natural factor deter-
mining the possibility for a specific species of plants to
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successfully exist in a given area. Analysis of environ-
mental conditions in locations of invasive Heracleum
species in the subarctic and temperate zones shows
significant differences in heat supply to plants during
the growing season. Within the Scandinavian and
Kola peninsulas, the average annual number of days
with average daily air temperatures >10°C varies in a
wide range, and SAT,, heat amounts received by
plants differ by more than a factor of two (Table 2).
Taking the relatively large number of days with average
daily air temperatures >5°C and larger amounts of
heat received by plants on such days (SAT varies from
1157°C in Gamvik, Norway, to 1907°C in Arkhan-
gelsk, Russia), one of the adaptation strategies for
plants at the periphery of the northern border of their
Vol. 13
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secondary range can be to extend the temperature
range suitable for their growth and development
toward low above-zero temperatures. Earlier, we
showed that the metabolic activity of H. sosnowskyi
seedlings and terminal buds is maintained at a rela-
tively high level at temperatures down to 5°C, which
ensures its adaptation to low temperatures and high
growth rates in early spring (Dalke et al., 2020). In
autumn, vegetating H. sosnowskyi plants can maintain
photosynthesis rates in the range of 4—10 umol/(m?s)
at temperatures of 5—10°C (our unpublished data),
which is comparable to the CO, assimilation rate in
leaves in the summer period (Tappeiner and Cer-
nusca, 1998; Dalke et al., 2015). Phenological data
collected in Central Europe indicate that H. mantegaz-
Zianum grows in spring at an average air temperature of
5°C (Otte and Franke, 1998). In England, a decrease
in the SAT level to 1100°C suppresses the accumula-
tion of biomass, but does not completely stop the
growth and development of the plants (Willis and
Hulme, 2002).

In a temperate climate, representatives of the sec-
tion Pubescentia of genus Heracleum complete the full
development cycle, including the formation of seeds,
when the SAT, level exceeds 1500°C (Aleksandrova,
1971; Introduktsiya borshchevikov..., 1980). However,
regular fruiting of H. sosnowskyi was also noted on the
Kola Peninsula (Murmansk), where the average
annual SAT,, value is less than 1010°C (Avrorin, 1964;
Men’shakova, 2011). In the course of field studies, we
detected fruiting plants in Inta, Russia, where SAT),
varies in the range from 643 to 1674°C. Numerous
occurrences of H. persicum up to 71° N in Norway
(SAT,, varies in the range from 151 to 1339°C) also
indicate that invasive Heracleum species could adapt
to flowering and fruiting at lower heat supply levels in
the subarctic zone (Alm, 2013). The extension of the
temperature range suitable for their growth and devel-
opment, as well as faster passage of individual pheno-
logical phases by the plants, can represent a general
strategy implemented by species of the section Pubes-
centia of genus Heracleum in the course of their adap-
tation to the cold climate.

We believe that the minimum thermal resources
required for the growth and development of invasive
Heracleum species are sums of active temperatures
above 5 and 10°C equal to 1200 and 450°C, respec-
tively. Heat supply values below these levels can be
considered one of the key factors limiting the distribu-
tion of H. mantegazzianum, H. persicum, and H. sos-
nowskyi at the northern boundary of their secondary
range.

Adverse meteorological phenomena whose inten-
sity, duration, and time of occurrence pose threats to
plants include, inter alia, severe cold weather and
morning frosts. According to the published data, cul-
tivated H. sosnowskyi, H. lehmannianum, and H. pon-
ticum plants can be killed in dry winters with long
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thaws (Aleksandrova, 1971). Morning frosts and
extremely unfavorable weather conditions in the
autumn period (lack of snow cover and air tempera-
tures below —15°C) caused the death of H. sosnowskyi
crops in the forest-tundra zone of the Komi Republic
(Khantimer, 1974).

The data presented in Table 2 and Fig. 2 (Zak-
hozhiy et al., 2021) indicate that invasive Heracleum
species can exist in a wide range of abiotic environ-
mental factors. The minimum duration of the frostless
season required for plant growth and development is
80—90 days. The plants are resistant to frequent recur-
ring frosts at the beginning of the growing season and
to early frosts in autumn. In locations of invasive Her-
acleum species in the northern part of Finland and in
the continental northern part of European Russia, the
probability of last frosts persists until the second ten
days of June, while first frosts are noted as early as the
first half of August. According to data collected at the
PETRUN weather station, frosts can reach in some years
—5°C both in June and in August. In Finland (according
to data collected at the MUONIO_ALAMUONIO and
SODANKYLA AWS weather stations), air tempera-
tures can drop to —3 and —4°C in June and August,
respectively. It can be assumed that, at the northern
boundary of their modern secondary range, invasive
Heracleum species exist at the limit of their adaptive
potential. Deterioration of weather conditions during
the growing season, including a higher frequency,
severity, and duration of frosts, can inflict damage to
the plants or cause their death.

Wintering conditions for plants depend on many
factors, including air temperature and snow cover
depth, that determine the thermal regime and seasonal
soil freezing depth. According to the obtained data,
invasive Heracleum species habitats with minimum
temperatures below —28°C had a sustainable snow
cover 26—60 cm depth (Table 2). The WOW, WSI, and
IDY indices were examined as potential climatic mark-
ers reflecting the severity of the winter season for
hibernating plant organs. The climatic indices com-
puted as ratios between the air temperature (WOW)
and the snow depth (WSI) (or the precipitation
amount in winter (ID")) made it possible to assess the
geographical differentiation of the severity of the win-
ter period in the area under study. The most severe
conditions during the winter period (WOW > 10) are
observed in the continental part of the area under
study (Inta, Russia), where the average annual values
of the absolute minimum air temperature are around
—44°C. Inner regions of the Scandinavian and Kola
Peninsulas also feature severe conditions in winter. By
contrast, plant occurrences near the seacoast of Nor-
way feature fairly mild winters: long-run average
annual values of the minimum air temperature never
drop below —15°C, while the WOW index does not
exceed 4.
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Analysis of the WSI and IDY indices confirms the
above conclusions. The most unfavorable conditions
for wintering plants are observed in the continental
part of the northern boundary of the secondary range
of invasive Heracleum species (Inta, Russia) and on
the northern coast of the Kola Peninsula (Murmansk,
Russia). In some years, the WSI index is close to
1 there (Fig. 2), which indicates severe conditions for
wintering plants (Sinitsyna, 1973). In inner regions of
the Scandinavian and Kola Peninsulas, winter condi-
tions are somewhat milder. On the basis of the values
of the WSI and IDVY climatic indices registered at the
seacoast of Norway, the freezing risk for hibernating
plant organs there is low.

Analysis of experimental data presented in the
study by Dalke et al. (2019) theorizes the possibility to
use the WSI index to assess the winter season severity
and freezing risks for hibernating plant organs. From
the information provided by the authors, even if the air
temperature drops below —20°C, a snow cover over
20 cm depth maintains the soil temperature at the
depth where terminal and auxiliary H. sosnowskyi buds
are hibernating at a level not lower than —3°C, thus
preserving the meristem viability. If the snow cover is
removed at an air temperature of —31°C, then the soil
temperature at a depth of 15 cm drops to —6°C causing
death of underground organs of wintering H. sosnows-
kyi plants. Similar situations resulting in damage to
plants can be caused by abnormally cold weather in
spring or autumn in the absence of snow cover (Alek-
sandrova, 1971; Khantimer, 1974; Mishurov et al.,
1999).

Opverall, areas where the WSI climate severity index
is close to 1 or exceeds 1 feature unfavorable wintering
conditions for invasive Heracleum species. Appar-
ently, the presence of a sustainable snow cover that is
thick enough to stabilize the soil temperature at a level
preventing damage to renewal buds and seedlings is an
extremely important factor contributing to the survival
of invasive Heracleum species in areas featuring low
below-zero air temperatures in winter.

CONCLUSIONS

The geographical position of the northern limit of
the secondary range of invasive Heracleum species in
Europe reflects the significant adaptive potential of
these plants to cold climate. They occur in areas fea-
turing short growing seasons, low supply of thermal
resources to plants, and a significant variability (insta-
bility) of the growing season conditions over the years.
The minimum average annual duration of the frostless
season at the periphery of the northern border of their
secondary range is 80—90 days, and the probability of
frosts remains high even in June. The biological mini-
mum for the sum of active temperatures >5°C is
1150°C, while the minimum requirement of the stud-
ied plants to the sum of active temperatures >10°C is
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over 450°C. It is believed that the observed increase in
cold tolerance and extension of the temperature range
suitable for the growth and development of invasive
Heracleum species toward low above-zero tempera-
tures can manifest an important adaptation strategy
that ensures their survival in climatic conditions of the
subarctic zone. The presence of a sustainable snow
cover over 25 cm depth in areas where the minimum
winter temperatures are less than —30°C preserves the
viability of plants by preventing the freezing of their
renewal buds and seedlings. Climatic indices com-
puted as ratios between the air temperature and the
snow cover depth (WSI) (or the precipitation amount
in winter (IDY)) can be used as climatic markers
reflecting the severity of the winter season and charac-
terizing wintering conditions for plants.

The main factors limiting the distribution of inva-
sive Heracleum species are as follows: insufficient heat
supply, soil freezing to temperatures critical for winter-
ing plants, and late spring and early autumn frosts.

Factors hindering the further expansion of areas
currently occupied by invasive Heracleum species in
northern Europe include inter alia the lack of lands
with suitable edaphic conditions due to the low degree
of anthropogenic transformation in the subarctic
zone. In addition, natural geographical barriers (i.e.,
waters of the Norwegian and Barents seas and moun-
tain systems in Fennoscandia and in the Urals) pre-
vent the further spread of these plants in Northern
Europe.
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