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from 2021 to 2023 across four populations near the city of Syktyvkar (Komi Republic, Russia), was 173 individuals/m?2.

To study the population dynamics of H. mantegazzianum during the introduction phase of invasion, we established
a field experiment. In October 2022, we sown H. mantegazzianum seeds on four experimental plots, each measuring
1 x 1 m. The seeding rate reflected the species’ seed productivity of 10,000 seeds/m? (Dalke et al., 2015). Following
winter stratification, we monitored plant growth and development. At the end of the first and second growing seasons

(2023 and 2024, respectively), we assessed the density of surviving H. mantegazzianum individuals.

We ascertained the chronological age of H. mantegazzianum individuals by counting the number of annual growth

rings on a longitudinal section of the caudex (Dalke et al., 2023).

2.4 | Matrix Model Construction and Analysis

We developed a life cycle graph for H. mantegazzianum from data on its age structure and field observations (Caswell,
1989; Logofet and Ulanova, 2018, 2022). This graph formed the basis for a model that projects H. mantegazzianum

population structure over a discrete time step, formalized as a Logofet matrix (Logofet and Ulanova, 2018).

We described the population dynamics using a matrix model. The key mathematical properties of the projection
matrix were analyzed to understand the population’s trajectory. The dominant eigenvalue, A, quantifies the long-term
asymptotic population growth rate, where A > 1 indicates growth and A < 1 indicates decline. The stable stage
(age) distribution is given by the right eigenvector. The reproductive value for each age x stage class is given by the
left eigenvector. A sensitivity analysis of A was performed to identify the matrix elements (i.e., vital rates) exerting
the strongest influence on population growth. Finally, we evaluated the adequacy of the model by comparing the

predicted population dynamics from the model with the observed ones from empirical data.

All calculations were conducted in R (R Core Team, 2025) utilizing the popdemo package (Stott et al., 2025). The
R script and the source data used for calculations are available in the Zenodo repository (Chadin et al., 2025).

During the writing of this paper, the DeepSeek generative Al chatbot was used for translation from Russian to
English. After using this tool, we have reviewed and edited the content and take full responsibility for the content of
the published article.

3 | RESULTS

3.1 | Life Cycle Graph

Empirical data on the age and stage structure of the populations allowed us to construct a life cycle graph for H.
mantegazzianum (Figure 2). We noted the rare occurrence of vegetative individuals in age x stage classes v, vg in the
population. However, no generative plants in age x stage class gs, 39 were observed (Figure 2A). Since individuals
in age x stage classes v7, vg completed their life cycle without contributing to reproduction and had no impact on

population growth, we used the life cycle graph presented in Figure2B to construct the transition matrix.
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FIGURE 2 Life cycle graph of Heracleum mantegazzianum. a): Includes all identified developmental stages and
calendar ages of plants. b): Excludes plants in stages v; and vg, which do not contribute to reproduction. Note:
s1...57 - survival coefficients; t; ... t4 - transition coefficients to the generative state; b - fertility coefficient.

3.2 | Matrix Model for the establishment phase of H. mantegazzianum population

The life cycle graph in Figure 2B corresponds to the following transition matrix:

0 0 0 0 b
1 0 0 0 O
0 s 0 0 0 O

L=|o ss5 0 0 0 O (1)
0 ss 0 0 0
0 0 ss 0 O
0 t; tp t3 ts sg O

We estimated the transition coefficients sy ...s7, t1...ts and the reproduction coefficient b using data on the
densities of vegetative and generative individuals across different calendar ages. This approach is based on the hy-
pothesis that the proportional abundances of plants across different stages and age x stage classes stabilize after the
formation of a monodominant H. mantegazzianum stand (establishment phase). We classified a plot as located within
a monodominant stand when we observed 100% projective cover by H. mantegazzianum and recorded at least one
generative plant of this species.

Because the age structure on individual sample plots deviated substantially from the mean, we selected plots with

typical age structures for the transition coefficients estimation. We performed this selection using k-means clustering
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FIGURE 3 Census results for vegetative Heracleum mantegazzianum plants across different age classes (total
count of individuals across 39 sample plots). a) - Plants in stages v; to vg b) - Plants in stages v4 to vs.

(Flynt and Dean, 2016). For the clustering, we arranged the survey data into a table where the number of rows equaled
the number of sample plots, and the number of columns corresponded to the number of observed stage and age class
combinations (Table 2).

[Table 1 about here.]

We set the number of clusters to one (K = 1). For each plot, we calculated its distance to the single cluster center,
then sorted the plots in descending order of this distance. We retained the 75% of plots closest to the center for
subsequent calculations, resulting in a filtered sample of 33 plots.

The calculated densities of individuals for two developmental stages (vegetative, v, and generative, g) across
several age x stage classes are presented in Table 2.

[Table 2 about here.]

Table 2 shows an anomalously low density of v, (49 individuals per 33 m?2) and v5 (129 individuals per 33 m?)
individuals, as the count of v4 exceeds that of v3, which in turn exceeds that of v,. This density distribution may result
from a systematic error in estimating the calendar age of plants in their early years.

The graphical representation of vegetative plant density (Figure 3) reveal a sharp decline in abundance during the
transition from the first age class (v4) to the second (v;). In contrast, the change in abundance from v4 to vg occurs
almost linearly.

Assuming that the decline in the number of vegetative plants from age classes 2 to 8 is linear, we can use linear
regression to estimate the expected numbers of vegetative individuals in their 2nd and 3rd years of life. The regression
analysis of the dependence of vegetative plant counts on their calendar age yielded the following coefficients for the
linear equation (adjusted R? = 0.988, p-value: 0.0004):

Nz = -30.2a+251.4 (2)

where:
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N, is the number of vegetative individuals of calendar age a;
a is the calendar age of the plants.
Using Equation (1), we calculated the expected number of v, and v3 individuals (Table 2). We used data augmented

by linear regression to estimate the transition coefficients for the projection matrix L.

0 0 0 0 0 0o 173
0033 0 0 0 0 0 0
0 0843 0 0 0 0 0

L= o 0 0845 0 0 0 0 (3)
0 0 0 0699 0 0 0
0 0 0 0 0726 0 0
0 0010 0.068 0213 0084 0029 0

The dominant eigenvalue A of matrix L;, which represents the population growth rate, is 1.097. This value aligns
with field observations: in the establishment phase high intraspecific competition maintains population density at a
roughly constant level year after year.

The left eigenvector of L; describes the stable distribution of plant stages v, .. . vg, g expected to establish in the
population after initial transitory fluctuations (Table 3). This predicted distribution closely matches the observed stage

structure shown in Table 2.

[Table 3 about here.]

The right eigenvector of the projection matrix (Table 4) quantifies the relative contribution of each age x stage
class to population growth (reproductive value vector). Although generative individuals (g) are predictably the most
influential, our analysis reveals that within the vegetative stage, plants in the 2-4 year age classes (v,-v4) make the
greatest contribution to reproduction.

[Table 4 about here.]

The sensitivity analysis of the dominant eigenvalue A for matrix L, (given by matrix S; below) reveals the matrix
elements with the strongest effect on population growth. The sensitivity matrix Sq indicates that the transition co-
efficient s; of Ly which represents the proportion of individuals progressing from stage v; to v, - has the highest
sensitivity value (6.719) and thus the greatest impact on A.

0 0 0 0 0 0  0.001
6719 0 0 0 0 0 0
0 0254 0 0 0 0 0

Si=| 0 0 0.193 0 0 0 0 (4)
0 0 0 0055 0 0 0
0 0 0 0 0010 0 0
0 0985 0757 0.583 0371 0246 0
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3.3 | Modeling population growth during the invasion’s introduction phase

To estimate the population growth rate under colonization of a competitor-free area, we employed data from a
field experiment where H. mantegazzianum was grown on experimental plots. The experiment recorded a vegeta-
tive plant density of 2117 individuals/m? by the end of the first growing season (03 October 2023), declining to 508
individuals/m?2 by the end of the second season (18 September 2024). We calculated the transition coefficient sq as
0.240 (508/2117) from this ratio, defining the structure of matrix L,.

0 0 0 0 0 0 173
0240 0 0 0 0 0 0
0 0843 0 0 0 0 0

L=| o 0O 0845 0 0 0 0 (5)
0 0 0 0699 0 0 0
0 0 0 0 0726 0 0
0 0010 0068 0.213 0084 0029 0

This scenario results in a higher potential population growth rate (A = 1.662). We present the sensitivity of A to
elements of the projection matrix L, in matrix S,. The sensitivity matrix reveals that for the populations in introduction
phase, the growth rate A depends more uniformly on the transition coefficients compared to established populations
(A = 1.097, matrix L;). Despite this more distributed sensitivity, the transition of plants from the v; to the v, remains
a significant driver of the potential population growth rate.

0 0 0 0 0 0  0.002

1504 0 0 0 0 0 0
0 038 0 0 0 0 0

S;=| 0 0  0.253 0 0 0 0 (6)
0 0 0 004 0 0 0
0 0 0 0 0006 O 0
0 3264 1655 0.841 0354 0.155 0
3.4 | Modeling management scenarios

We employed the population projection matrices Ly and L, to model the efficacy of various population control strate-
gies. The initial age x stage distribution was defined by vector x(ty), parameterized with empirical densities (per

hectare) of H. mantegazzianum age x stage classes v; through vg and g from established populations.
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1730000
50000
40000

x(tg) =| 30000 (7)

20000

10000

10000

To simulate management interventions for eradicating giant hogweed stands, we applied an element-wise mul-
tiplication of the population vector x(t) at time step t by a survival vector a. This vector a specifies the fraction of

individuals surviving in each age x stage class after the control action is applied to the local population.

ai

ay
azl|’ (®)

arz

,where0 < a; < 1.

Thus, the classical model for projecting population structure at time tt is given by:
x(t+1) =L-x(t) (9)
was modified to incorporate management interventions:
x(t+1) =L-x(t) oa(t) (10)

The time to complete eradication of H. mantegazzianum stands was defined as the number of years until the

population of surviving plants reached zero at the beginning of the growing season.

3.4.1 | Simulating the elimination of generative individuals

We simulated an annual control strategy that prevents seed production in H. mantegazzianum by cutting inflores-
cences, which causes generative plants to die without fruiting. This was modeled using Equation (3) with the vector
a=[1,1,1,1,1,1,0]7. By varying component a; from O to 1, we simulated a gradient of eradication efficiency for
generative individuals within the population.

We used the L; matrix to estimate the time to eradication for an isolated H. mantegazzianum population on a one-
hectare plot, as a function of management efficacy, defined by the proportion of generative individuals eliminated.
The Ly matrix was appropriate since targeted removal of generative plants results in no substantial decrease in plant
density or leaf area index by the season'’s end, thereby preserving competition levels among age x stage classes. Total

prevention of fruiting (a7 = 0) achieved eradication in a minimum of 7 years (Figure 4). At 99% efficacy (a; = 0.01),
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a) b)

2000 Plant survival rate  Time to eradication (years)
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Proportion of surviving generative plants

FIGURE 4 Time to eradication for an isolated 1-hectare Heracleum mantegazzianum population as a function of
the proportion of generative plants completing seed production. a) - Graphical representation. b) - Tabulated values.

197 eradication required 34 years. The time to population eradication increased exponentially with the proportion of
198 surviving generative plants. Eradication was theoretically unattainable when generative plant survival approached
199 9%.

w0 3.4.2 | Simulating eradication via herbicides

201 Eradication via herbicides was simulated for glyphosate (N-(phosphonomethyl)glycine), the active ingredient widely
202 used against H. mantegazzianum. As a non-selective herbicide, glyphosate targets only green vegetation, entering
203 through aerial parts. It has no effect on seeds in soil or defoliated plants and is quickly inactivated in the soil. The bet-
204 hedging strategy of H. mantegazzianum, involving dormancy in juvenile plants (Dalke et al., 2024), enables a substantial
205 proportion of individuals to survive broadcast herbicide applications. To model the outcome of broadcast herbicide
206 treatment of H. mantegazzianum stands, we used a vector a containing the fraction of surviving plants for all age
207 classes:a = [n,n,n n nn0]", wherene {0.00,0.01,0.02,...,0.79,0.80}.

208 The range of values for vector components a; to ag represents the potential proportion of individuals that escape
200 herbicide treatment by entering dormancy or having their leaf surface shielded under the canopy of larger plants.
210 Component a7, representing the survival fraction of generative plants (g), was fixed at O, as broadcast glyphosate
211 application ensures their complete mortality. For other age classes, mortality depends heavily on the proportion
212 of dormant plants (those having shed above-ground biomass) and the leaf area index at the time of treatment, as
213 both factors prevent effective herbicide exposure. We used the population projection matrix L2 (A = 1.662) because
214 herbicide application drastically reduces intraspecific competition among age classes.

215 Simulation results demonstrate a rapid increase in the time to complete eradication with even a minor increase in
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a) b)

7 Plant survival rate  Time to eradication (years)
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Proportion of surviving plants

FIGURE 5 Time to eradication of an isolated 1-hectare Heracleum mantegazzianum population as a function of
the proportion of plants surviving herbicide treatment across all age x stage classes. a) - Graphical representation. b)
- Tabulated values.

plant survival (Figure 5). Once the survival proportion surpasses 0.23 (annual mortality is less than 77%), eradication
requires seven years, matching the timeframe for inflorescence cutting (in the case of the total annual eradication
of all generative plants). To reduce the treatment period to just 3-4 years, annual mortality of vegetative individuals

must exceed 97% and all generative plants must be completely eradicated from a local population.

4 | DISCUSSION

Previous attempts to apply matrix modeling for estimating the population growth rate found a mean potential growth
rate (A) of 0.779-0.823 for H. mantegazzianum populations in Czech Republic (Nehrbass et al., 2006) and 0.73-1.31
for plant populations in Germany (Hils, 2005).

Both models were stage-classified and did not incorporate the calendar age of plants. The authors identified
generative stage (F) plants by the presence of inflorescences. They classified vegetative individuals into three de-
velopmental stages - small (S), medium (M), and large (L) - based on leaf count and the length of the largest leaf.
Individuals with the largest leaf less than 7 cm were excluded. The resulting life cycle graph for H. mantegazzianum
included not only sequential transitions but also stasis (self-loops), accelerations (stage skipping), and regressions to
previous stages (Hils, 2005; Nehrbass et al., 2006)

As previously shown, the second-year juvenile cohort is critical for maintaining H. mantegazzianum populations
(Dalke et al., 2024). However, the studies by Nehrbass et al. (2006) and Hiils (2005) explicitly excluded this demo-

graphic group due to the small size and high abundance of such plants.
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Using the calendar age of invasive hogweeds, we built a life cycle graph that incorporated all post-seed de-
velopmental stages and excluded self-loops and regressions. This model yielded population growth rates (A) that
matched empirical data. For H. mantegazzianum in monodominant stands, where density remains stable, our estimate
of A = 1.097 is near the theoretical value of 1. In contrast, during expansion into competition-free areas, first-year
mortality drops, causing a sharp rise in the potential growth rate (A = 1.662). These results are consistent with previous
estimates of the H. mantegazzianum population expansion rate based on satellite time-series analysis and simulation
modeling (Dalke and Chadin, 2023).

Thus, our results support the hypothesis by Nehrbass et al. (2006) that upon formation of a monodominant H.
mantegazzianum stand, a local population reaches its carrying capacity (the maximum possible density of individuals)
and enters a state of homeostasis. To accurately estimate the potential population growth rate of an invasive species,
the projection matrix should be parameterized with data from the initial stage of territorial expansion.

Using a matrix model parameterized with early-invasion data allows estimation of the time frame needed to
clear invasive species stands. The standard approach for selecting population control methods is sensitivity analysis
of A to changes in the projection matrix (Logofet and Ulanova, 2018). For H. mantegazzianum populations close to
equilibrium, the v; to v, transition rate exerts the strongest effect on A, followed by the transition rates from v, ... vg
to the generative stage g (Matrix S;). This v; to v, transition also considerably impacts the growth rate during the
initial spread phase (Matrix S,).

While sensitivity analysis of A revealed the v; and v, age classes as critical for population growth, applying selective
control to them is largely unfeasible. Consequently, most practical control measures for H. mantegazzianum stands are
non-selective, affecting all age x stage classes equally. Inflorescence clipping is the only notable exception.

To compare different control methods for invasive hogweeds, we incorporated element-wise multiplication of the
state vector by a management vector into the classical model (Eq. 2). This vector reflects treatment efficacy on each
age class (Eq. 3). Applying this framework enabled evaluation of multi-year control scenarios for H. mantegazzianum
populations.

We extended the classical population model (Eq. 2) by introducing element-wise multiplication with a manage-
ment vector to compare eradication strategies for invasive H. mantegazzianum. This vector quantifies control impacts
on each age x stage class (Eq. 3). Using this approach, we simulated population dynamics under various multi-year
management scenarios.

While single-season eradication methods for H. mantegazzianum are available, all possess major constraints. Using
cover materials is economically viable only for small areas up to a few hundred square meters (Dalke and Chadin, 2008).
Systemic herbicides with foliar and root uptake and prolonged soil activity (such as sulfonylureas) are restricted to non-
agricultural lands outside residential zones (Laman et al., 2020). The method of removing snow cover to freeze and
kill renewal buds is applicable only in regions with suitable climatic conditions (Chadin et al., 2019; Dalke et al., 2020).

H. mantegazzianum exhibits high resilience and an ability to recover from damage due to the eco-biological char-
acteristics of its different age cohorts (Pysek et al., 2007; Dalke et al., 2015, 2024). This persistence is frequently
facilitated by technical failures in management protocols. These include applying herbicides under unsuitable weather
conditions (rain, strong wind), improper preparation of working solutions, and administering insufficient doses result-
ing from uncalibrated spraying equipment or untreated plants (Dalke and Chadin, 2008). Compounding these technical
issues, administrative inertia in the responsible public bodies often impedes the adoption of more effective control
strategies. For example in Russia a significant uptake of effective chemical methods was documented six years after
their first use, beginning in 2011 (Dalke et al., 2018).

The criterion for effective giant hogweed eradication is the proportion of dead plants. Contract specifications

require the death of at least 80% of individuals after two herbicide applications within a single growing season, or
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100% mortality following a third application.

Our results indicate that eradicating established H. mantegazzianum populations over large areas (several hectares)
within a single growing season using glyphosate-based herbicides is virtually impossible. The plant’s ability to enter
summer dormancy (Dalke et al., 2024) prevents the elimination of all individuals, even with meticulous treatment.
Matrix modeling demonstrates that eradicating a local population within 3-4 years requires annual mortality of 97-
99%. Achieving this theoretically necessitates at least two thorough herbicide applications per growing season. A
more optimal strategy may involve applying herbicides solely to generative individuals. While this extends the timeline
for complete eradication to seven years, it offers significant benefits: reduced costs (accounting for the time value of
money), lower environmental impact, less stringent treatment quality requirements, and simplified efficacy monitoring,
which focuses solely on the absence of flowering plants.

In areas where herbicide use is prohibited (e.g., protected areas, water buffer zones, sites of children’s and medical
institutions), H. mantegazzianum can be controlled by severing renewal buds, uprooting plants, or cutting off inflores-
cences. Uprooting and/or cutting the upper part of the caudex with its renewal buds guarantees plant death but is
labor-intensive and is only recommended for small infestations of up to 200 individuals (Laman et al., 2020). The
inflorescence removal method very narrow margin for error regarding untreated plants. Our modeling results (Figure
4) indicate that annual inflorescence cutting in the same areas must be planned as a long-term commitment of at
least seven years. If just 1% of generative plants survive treatment annually, eradication would require approximately
34 years (Figure 4). Furthermore, this method is highly labor-intensive and is only practical for managing very small,
localized thickets of H. mantegazzianum.
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TABLE 1 Data structure for k-means clustering of Heracleum mantegazzianum developmental stages and age
classes.

Plot number v, wvee. Vn 83 ... 8n
1 173 2 0 1
2 173 5 0 1
173 2 0 1
n 173 2 0 1



1. Chadin et al. 19

TABLE 2 Frequency of vegetative and generative Heracleum mantegazzianum plants by calendar age (total count
across 33 sample plots).

Stage Age Empiricaldata Data Augmented*

g 3 2 2
g 4 11 11
g 5 29 28
g 6 8 8
g 7 2 2
v 1 5710 5710
v 2 49 191
v 3 129 161
v 4 136 136
v 5 95 95
v 6 69 69
v 7 37 37
v 8 14 14

* - Data augmented with linear regression predictions are
shown in bold.
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TABLE 3 Stable stage distribution of the Heracleum mantegazzianum population in the establishment phase (left
eigenvector of matrix L;).

Plant group  Proportion of total individuals

V1 0.911
Vs 0.028
V3 0.021
V4 0.016
Vs 0.010
Ve 0.007

g 0.006
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TABLE 4 Relative reproductive value (right eigenvector of L;) for different age x stage classes in the Heracleum
mantegazzianum population in in the establishment phase.

Plant group  Relative reproductive value

vy 0.2
3 7.4
V3 9.2
V4 9.0
Vs 3.3
Ve 0.9

g 35.5



