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1 Department of Botany and Forest Habitats, Poznań University of Life Sciences, 60-625 Poznan, Poland;
irmina.maciejewska@up.poznan.pl (I.M.-R.); kacper.lechowicz@up.poznan.pl (K.L.)

2 Department of Mathematical and Statistical Methods, Poznań University of Life Sciences,
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Abstract: The North American Prunus serotina Ehrh. is an invasive neophyte widespread in Polish
forests. Due to the negative impact of this species on native vegetation, the most effective methods
of its removal from the stands have been searched for. Our research aimed to determine whether
herbicides that were applied in spring 2020 influenced morphological features of inflorescences and
flowers of P. serotina in the next year of vegetation (i.e., 2021). So far, the effects of herbicides used
were analysed in the same year, no later than a few weeks after their application. The experiment
was carried out on the research area of 2.7 ha located in the Zielonka Forest near Poznań in Poland
(N 52.5330, E 17.1015). The response of 39 P. serotina trees to six different herbicides, containing
sulfonylurea derivatives, glyphosate and phenoxy herbicides was investigated. The chemicals
were applied directly to the tree, to the holes made in the trunk axis. The plant material included
inflorescences from 10 control trees and 29 trees treated with different herbicides. Nine morphological
inflorescence and flower features and three ratios were analysed. In total 200 inflorescences and 1000
flowers were measured. Statistically significant differences between inflorescence and flower features
collected from trees treated with different herbicides were demonstrated. The largest ranges of values
of the studied features were found in inflorescences and flowers collected from the control trees
(C-WI, C-DWH). The greatest variability of the studied features was found for C-DWH. Compared to
the control trees the reduction in inflorescence size, as well as the smaller number of flowers, were
recorded in the trees treated with different herbicides, irrespective of an active substance content. The
use of six different herbicides—with different active substance contents to control P. serotina proves to
be effective.

Keywords: control of invasive species; Prunus serotina; inflorescence and flower morphology;
herbicides; glyphosate; phenoxy herbicides; sulfonylurea derivatives

1. Introduction

Prunus serotina Ehrh. (Rosaceae Juss.)—black cherry is a tree native to the temperate
zones of eastern North America. Its main range comprises south-eastern parts of Canada
and central and eastern states of the USA between 49◦ N and 30◦ N, but it also occurs
naturally in Mexico and Guatemala. It grows from the coastal plains at sea level to altitudes
of 3200 m a.s.l. in Mexico [1–4]. In some parts of its native range, P. serotina is listed as a
weedy species [5,6]. The species had been introduced into Europe, eastern South America,
southeastern Australia as well as Central and Africa (Burundi and Rwanda) [7].

Prunus serotina (or more precisely P. serotina var. serotina) was first introduced to
Europe via France and England in the 17th century as an ornamental tree. At the end
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of the 18th century, black cherry was also recommended as a timber tree for poor soils.
Next, from the 19th century onward P. serotina was widely cultivated in European forestry
to improve soil quality or to prevent fire around pine plantations. Now the species is
widespread in the western and central parts of the continent and many countries it has
been reported as invasive [1,2,8–10]. In Poland, P. serotina was first recorded in cultivation
in 1813 [11]. It was introduced to the natural forest vegetation in 1947 [12], but most
commonly planted between the years 1960 and 1980. Currently, P. serotina is an invasive
neophyte, widely distributed throughout the country, most frequently in its central and
south-western parts [11]. Research on the phenomenon of black cherry expansion into the
forest phytocoenosis of Poland has been conducted for many years e.g., [13–18].

In Poland, with the forest cover at about 30% of the country area, P. serotina has entered
into most of the forest habitats, from coniferous to oak-hornbeam and beech forests [11,19].
With increasing awareness of the negative impact of P. serotina on native vegetation, the
most effective methods of its removal from the stands have been searched for. To this day,
however, the problem remains unresolved.

Currently used mechanical methods for combating P. serotina are expensive and time-
consuming [20–23]. The use of herbicides is much cheaper than mechanical methods but
can have undesirable side effects on the ecosystem. In most European countries, including
Poland, chemicals have been used to combat black cherry for many years. In the 1960s
2,4,5-trichlorophenoxyacetic acid (2,4,5-T) was widely used, but due to its toxicity to fauna
and humans, its application was banned in the western part of the continent [24]. Since the
mid-1970s, preparations containing glyphosate have been used in Europe to eliminate black
cherry. The use of a high concentration of this compound and various application methods
result in high effectiveness in the case of young plants (even 90% mortality) [21,25–27].
However, the effect of herbicide exposure (not only in the case of glyphosate) on plant
reproduction (i.e., flowering) is rarely evaluated [28]. Morphological features of flowers are
crucial in the generative reproduction of plants, thus they should be most representative
when assessing the effect of herbicides on P. serotina condition.

Our research aimed to determine whether herbicides that were applied in spring 2020
influenced morphological features of inflorescences and flowers of P. serotina in the next
year of vegetation (i.e., 2021). All other authors mainly focused on the effects of herbicides
several weeks after their application. In our research, a new aspect of herbicide impact on
plants was analysed after a relatively long time from their use.

Thus, no similar studies have been conducted so far. The results of our studies will
contribute to a better understanding of the response of the species generative organs to
treatments used to inhibit the generative reproduction of invasive black cherry. We assumed
that inflorescences and flowers of P. serotina would react to the applied herbicides, e.g., by
reducing the size of inflorescences and flowers or reducing the number of flowers. We did
not assume a significantly increased reaction of the examined organs to the concentration
of active substances in individual herbicides.

2. Study Area

The research object is located in the Zielonka Forest near Poznań (33 km) in the area of
the Forest Experimental Station (division 49 c) in Murowana Goślina, which is a unit of
the Poznań University of Life Sciences (geographical coordinates of the experimental site
centre N 52.5330, E 17.1015). This area for research on the black cherry of 2.7 ha was set
up in 2020 by employees of the Department of Silviculture, the Poznań University of Life
Sciences. The 30-year old black cherry trees are growing under the canopy of a 97-year old
stand of Pinus sylvestris L., within the habitat of fresh mixed forest. The black cherry trees
are 10–12 m in height at DBH 8–12 cm.

3. Materials and Methods

The herbicides were applied on 7–9 April 2020, at an air temperature of 10–14 ◦C
(average of day), to chosen (DBH 10 cm +/− 0.5 cm) and previously marked trees. The
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black cherry was in the process of leaf development (Figure S1). The study on the generative
organs was carried out one year after the application of the herbicides (i.e., 2021) because
in 2020 the trees developed too few inflorescences.

The choice of the herbicides for experiments aimed to identify alternative herbi-
cides/substances that may replace glyphosate, which is characterized by a strong action,
therefore, is effective against P. serotina. The selection procedure was multi-stage. Only
herbicides registered and approved for use in Poland and commercially available in our
country were considered. The herbicides were selected to contain different active sub-
stances, and therefore they have different mechanisms of action. In the next stage, the
consent of the Ministry of Agriculture and Rural Development was obtained for the use
of selected herbicides in experimental studies in the stand. Before starting the experiment
in the stand a forest nursery test was established. The test aimed to select herbicides with
phytotoxicity similar to Roundup (glyphosate), commonly used to combat P. serotina. A
detailed description of the herbicide selection was provided in the Research Report of
control of P. serotina [29].

Detailed descriptions of six herbicides used are given in Table 1. The herbicides
were diluted from the stock. The concentration of the solution is given in Table 1. Two
millilitres of the herbicide solution were applied to the drill. The used amounts of herbicide
correspond to the area of 2 m2 of soil, equivalent to traditional medium-drop spraying at
the maximum dose allowed by the manufacturer. The herbicides were applied directly
to the holes made in the trunk axis towards the bark, at a height of 1.3 m at an angle of
approx. 45◦ using a drill of 8 mm in diameter. The holes were secured against drying with
a wooden dowel.

Inflorescences were collected on 8 June 2021, from 39 black cherry trees growing on the
research plot. For each of the six herbicides used and for each of the two types of controls,
the response of five randomly selected trees was tested. Due to the lack of inflorescences,
only four trees were analysed in the case of Fundamentum. Two types of control (reference)
trees were selected: one type were trees not subjected to any interference (Control-without
any interference—C-WI), and the other—trees that were drilled, but 2 mL of water were
applied instead of the herbicide (C-DWH).

At the beginning of June 2021 for each of the P. serotina trees, five inflorescences were
collected. The racemose inflorescence of P. serotina is terminal, with a dozen to several dozen
flowers. Pedunculate flowers are fivefold, with a cupulate hypanthium. The 20 stamens are
arranged in three whorls, in a typical pattern of 10+5+5. There is one pistil with a stigma
lower than the anthers [9,30] (Figure S2). The plant material was stored in the Department
of Botany and Forest Habitats, the Poznań University of Life Sciences.

For each inflorescence, the length of the peduncle (LP) and the number of flowers (FN)
were determined. Then five mature and properly developed flowers from the central part
of each inflorescence were analysed in detail and the length of flower peduncle (LFP), the
longest diameter of the flower (corolla) (FD), viability of stamens (SV) and the number of
pistils (PN) were determined. Moreover, the following ratios: LP/LFP, FD/LFP, LP/FN
were calculated. In total 200 inflorescences and 1000 flowers were measured and their nine
features were investigated.

The measurements were carried out under a stereomicroscope (Bresser Researcher
ICD) with an accuracy of 1 mm. The degree of androecium and gynoecium development
and their viability were checked using the same microscope. The obtained inflorescence
and flower measurements collected from trees treated with herbicides were compared with
the characteristics of reference trees.



Forests 2022, 13, 21 4 of 19

Table 1. Characteristics of herbicides used in the study.

Herbicide—Trade Name Abbreviation Herbicide Concentration Active Substance Content Manufacturer

Chikara 25 WG Chikara 1.96% Flazasulfuron (a compound from the group of
sulfonylurea derivatives)—25%.

Belchim Crop. Protection Belgium
Brussels

Chwastox turbo 340 sl Chwastox 25%

MCPA (4-chloro-2-methylphenoxy) acetic acid (a
compound from the group of phenoxy carboxylic
acids)—(25.9%); Dicamba (a compound from the

group of benzoic acid derivatives)—(3.4%).

CIECH Sarzyna Poland
Warsaw

Fundamentum 700 wg +
Asystent Fundamentum 0.29% Fundamentum 700 wg

0.1% Asystent

Tribenuron-methyl (a compound from the group of
sulfonylurea derivatives)—(40.0%).

Metsulfuron-methyl (a compound from the group of
sulfonylurea derivatives)—(13.5%);
Florasulam (a compound from the

triazolopyrimidine group)—(16.5%).

Innvigo
Poland
Warsaw

Logo 310 WG + Mero 842 EC Logo 1.47% Logo 310 WG
0.1% Mero 842 EC

Foramsulfuron (a compound from the group of
sulfonylurea derivatives)—(30.0%);

Iodosulfuron-methyl sodium (a compound from the
group of sulfonylurea derivatives)—(1.0%).

Bayer SAS
France
Lyon

Mustang Forte 195 SE Mustang 10%

Florasulam (a compound from the
triazolopyrimidine group—(0.47%);

Aminopyralid (a compound from the pyridine
group—(0.94%);

2,4-D—a compound from the phenoxy acid
group—(17%).

Corteva Agriscience™
U.S.

Indianapolis

Roundup Flex 480 FL Roundup 50%
Glyphosate (a compound from the group of

aminophosphonates in the form of potassium
salt)—(35.75%).

Monsanto Europe S.A./N.V
Belgium
Diegem
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4. Statistical Analysis

The normality of distributions for the seven studied features (length of inflorescence
peduncle—LP, flower diameter—FD, length of flower peduncle—LFP, the number of flow-
ers in inflorescences—FN and LP/LFP, FD/LFP, LP/FN ratios) was tested using Shapiro–
Wilk’s normality test [31].

Multivariate analysis of variance (MANOVA) was carried out to determine the ef-
fects of herbicides. Next, a one-way analysis of variance (ANOVA) was carried out to
determine the effects of herbicides on the variability of examined features for each feature
independently. The minimal and maximal values, arithmetical means, standard devia-
tions and coefficients of variation (CVs) of features were calculated. Moreover, Fisher’s
least significant differences (LSDs) were also estimated at the significance level α = 0.05.
Homogeneous groups for the analysed features were determined based on LSDs. The
parallel coordinate plot [32] is proposed as an efficient tool to visualize the mean values
of seven features in P. serotina exposed to different herbicides. The relationships between
observed features were assessed based on Pearson’s correlation for means of herbicides.
Results were also analysed using multivariate methods. The canonical variate analysis
(CVA) was applied to present a multi-trait assessment of similarity for the tested herbicides
in a lower number of dimensions with the least possible loss of information [33]. It makes it
possible to show variation in herbicides in terms of all the observed features in the graphic
form. The Mahalanobis distance was suggested as a measure of “polytrait” herbicides
similarity [34], which significance was verified by means of critical value Dα called “the
least significant distance” [35].

MANOVA and ANOVA were performed to verify the null hypotheses of a lack of tree
effect in terms of the values of the seven observed features. The minimal and maximal
values, arithmetical means, standard deviations and coefficients of variation (CVs) of
features were calculated. Fisher’s LSDs were estimated at the significance level α = 0.001
and used to determine homogeneous groups. The relationships between observed features
were assessed based on Pearson’s correlation for means of trees. Results were also analysed
using multivariate methods. The CVA was applied to present a multitrait assessment of
similarity for the tested trees. The Mahalanobis distances were estimated. The differences
between the analysed trees were verified by cluster analysis using the nearest neighbour
method and Euclidean distances [36]. All the analyses were conducted using the GenStat
(18th edition) statistical software package [37].

5. Results

The empirical distribution of observations of the seven observed features (length
of inflorescence peduncle—LP, flower diameter—FD, length of flower peduncle—LFP,
the number of flowers in inflorescences—FN and LP/LFP, FD/LFP, LP/FN ratios) was
normal. The results of the MANOVA indicated that all studied herbicides were significantly
different regarding all seven quantitative features jointly (Wilk’s lambda = 0.473; F = 15.83;
p < 0.0001). The results of the analysis of variance for these features independently [LP
(F7;967 = 60.46), LFD (F7;967 = 23.02), FN (F7;967 = 53.36), LP/LFP (F7;967 = 25.74), FD/LSP
(F7;967 = 14.10) and LP/FN (F7;967 = 10.96)] showed variability of the tested herbicides at
the significance level α = 0.001. Only one of the observed features—flower diameter (FD;
F7;967 = 0.86) was not determined by herbicides (p = 0.537). In this study, the length of the
inflorescence peduncle (LP) was on average 78.18 mm and ranged from 37.00 to 127.00 mm
(Table 2, Figure 1).
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Table 2. The minimal and maximal values, arithmetical means, standard deviations (s.d.) and coefficients of variation (CVs) of observed features for
particular herbicides.

Features Herbicides C-DWH C-WI Chikara Chwastox Fundamentum Logo Mustang Roundup LSD0.05

LP

Mean 93.72a 85.88b 69.84e 73.92de 79.35cd 82.52bc 60.52f 79.96bcd 6.473
Min-Max 52–127 69–113 53–97 55–95 60–120 54–110 37–100 50–111

s.d. 24.34 9.55 10.88 10.33 15.19 15.49 12.09 13.7
cv 25.97 11.12 15.58 13.97 19.14 18.77 19.98 17.13

FD

Mean 8.896a 8.896a 8.992a 8.944a 8.88a 8.816a 8.816a 8.88a 0.316
Min-Max 7–10 7–10 8–11 8–11 8–10 7–10 7–10 7–11

s.d. 0.551 0.6699 0.7459 0.7218 0.7559 0.6523 0.7 0.8762
cv 6.19 7.53 8.30 8.07 8.51 7.40 7.94 9.87

LFP

Mean 5.672ab 5.952a 5.08cd 5.424bc 5.92a 4.944d 4.952d 5.864ab 0.443
Min-Max 4–9 4–9 4–8 4–8 3–9 3–7 4–7 4–8

s.d. 1.0532 1.2369 0.8481 0.8256 1.2608 0.8063 0.6458 1.1937
cv 18.57 20.78 16.69 15.22 21.30 16.31 13.04 20.36

FN

Mean 32.32a 31.96ab 25.48c 24.28c 24.5c 29.44b 21.4d 26.48c 2.627
Min-Max 20–48 24–45 16–39 11–30 15–32 12–38 12–29 14–42

s.d. 7.463 5.052 5.253 4.302 4.014 7.498 5.205 7.14
cv 23.09 15.81 20.62 17.72 16.38 25.47 24.32 26.96

LP/LFP

Mean 16.92a 15.16b 14.1b 13.84bc 13.81bc 16.94a 12.44c 14.12b 1.535
Min-Max 8–25.4 8.11–28.25 7.86–24.25 9.17–20 7.22–23.33 10.57–26.25 7.4–20 7.14–25

s.d. 4.899 4.008 3.116 2.292 2.921 3.248 3.035 3.484
cv 28.95 26.44 22.10 16.56 21.15 19.17 24.40 24.67

FD/LFP

Mean 1.616b 1.559b 1.811a 1.688ab 1.579b 1.83a 1.809a 1.598b 0.149
Min-Max 0.89–2.5 0.89–2.5 1.13–2.5 1.13–2.5 0.89–3.33 1.14–3 1.33–2.5 0.88–2.75

s.d. 0.2834 0.339 0.2948 0.2985 0.4115 0.3214 0.2709 0.4479
cv 17.54 21.74 16.28 17.68 26.06 17.56 14.98 28.03

LP/FN

Mean 2.935bc 2.729c 2.798c 3.131ab 3.35a 2.953bc 2.953bc 3.155ab 0.289
Min-Max 2.08–4.85 1.9–3.6 2.2–4.19 2.2–5.45 2.19–5 1.81–4.57 1.96–4.33 2–4.83

s.d. 0.693 0.3661 0.4322 0.6498 0.9095 0.6959 0.7219 0.6582
cv 23.61 13.42 15.45 20.75 27.15 23.57 24.45 20.86

LP—the length of the inflorescence peduncle; FD—flower diameter; LFP—the length of flower peduncle; FN—the number of flowers in inflorescences; LSD—least significant difference;
a, b, c, d, e—in row, means followed by the same letters are not significantly different, based on Fisher’s least significant differences.
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treated with the Logo herbicide (Figure S2). The LP/LFP ratio was on average 14.69 and 
ranged from 7.14 to 28.25. The smallest value of this ratio was recorded in flowers from 
tree 38 (Roundup), while it was highest in control tree no. 6 (C-WI). This feature showed 
considerable variability (Table 2, Figure 2). 

The length of the inflorescence peduncle was from several to several dozen times 
longer than the length of the flower peduncle. Another feature—the FD/LFP ratio (flow-
er diameter to length of its peduncle) was much less variable than the previous one and 
it was on average 1.69 (0.88–3.33). The smallest value of this ratio was recorded for flow-
ers from tree no. 39 (Roundup), and the largest from tree 23 (Fundamentum) (Table 2, 

Figure 1. The density plot of inflorescence and flowers features by herbicides (a) length of inflores-
cence peduncle, (b) flower diameter, (c) length of flower peduncle, (d) number of flowers.

The shortest axis was found in tree no. 30 treated with the Mustang herbicide, while it
was longest in trees 1 and 5, which belonged to the control-drill without herbicide (C-DWH)
group. The average number of flowers in inflorescence (FN) was 27.05 and varied from
11 flowers in tree 17 (Chwastox) to 48 in control tree number 1 (C-DWH) (Table 2, Figure 1).

Flower diameter (FD) was on average 8.89 mm (Table 2, Figure 1). The smallest
flowers (7 mm) were found in trees 1 (C-DWH), 6 (Control—without any interference—
C-WI), 28 (Logo), 32 (Mustang) and 39 (Roundup), while the largest flowers (11.00 mm)
were observed in trees 15 (Chikara), 17 (Chwastox) and 37 (Roundup). The length of the
flower peduncle (LFP) was quite varied and averaged 5.46 mm. The shortest peduncles
(3.00 mm) were recorded in trees 23 (Fundamentum) and 25 (Logo), and they were longest
(9.00 mm) in two control trees—no. 2 (C-DWH) and no. 10 (C-WI) and 21 (Fundamentum)
(Tables 2 and S1, Figure 1).
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All analysed flowers of the black cherry had properly developed and vital stamens.
Similarly, they were with properly developed gynoecia. Usually, only one pistil per flower
was observed; however, two pistils were found in four flowers in tree number 29 treated
with the Logo herbicide (Figure S2). The LP/LFP ratio was on average 14.69 and ranged
from 7.14 to 28.25. The smallest value of this ratio was recorded in flowers from tree
38 (Roundup), while it was highest in control tree no. 6 (C-WI). This feature showed
considerable variability (Table 2, Figure 2).
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the length of the inflorescence peduncle and the number of flowers in inflorescences by herbicides.

The length of the inflorescence peduncle was from several to several dozen times
longer than the length of the flower peduncle. Another feature—the FD/LFP ratio (flower
diameter to length of its peduncle) was much less variable than the previous one and it was
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on average 1.69 (0.88–3.33). The smallest value of this ratio was recorded for flowers from
tree no. 39 (Roundup), and the largest from tree 23 (Fundamentum) (Table 2, Figure 2).
Generally, flower diameter was greater than the length of the flower peduncle, but in
six trees the values of these features were the same [2 (C-DWH), 9 and 10, 21 and 22
(Fundamentum), 39 (Roundup)]. In a few flowers from trees 2 (C-DWH), 10 (C-WI), 21
(Fundamentum) and 39 (Roundup) the flower diameter was slightly shorter than the
flower peduncle.

The LP/FN ratio (length of the inflorescence peduncle to the number of flowers in
inflorescence) was on average 2.99 (1.81–5.45). The lowest value of this feature was found
for tree 29 (Logo), while it was highest in tree 4 (Chwastox) (Table 2 and Table S1, Figure 2).

The relationships between mean values of the observed features were presented in the
parallel coordinate plot (Figure 3). The greatest variation among mean values of herbicides
was observed for LP (130.39), with mean values ranging from 60.52 (for Mustang) to 93.72
(for C-DWH). The largest coefficient of variation (14.45%) for mean values of herbicides
was observed for FN; mean values of FN ranged from 21.44 (for Mustang) to 32.32 (for
C-DWH) (Figure 3). The correlation coefficients between all pairs of observed features for
means of herbicides were presented in the form of a heatmap in Figure 4. This analysis
indicated statistically significant positive correlations between FN and LP (r = 0.903), FN
and LP/LFP (r = 0.881) as well as LP/LFP and LP (r = 0.838) (Figure 4). At the same
time, a statistically significant negative correlation was observed between FD/LFP and LP
(r = −0.99) (Figure 4).
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Figure 4. Heatmap for linear Pearson’s correlation coefficients between observed features of P. serotina
estimated based on herbicide means (** p < 0.01; *** p < 0.001). LP—length of peduncle, FD—flower
diameter, LFP—length of flower peduncle, FN—flower number.

The largest ranges for most features of inflorescences and flowers were found in trees
of two control groups C-DWH (LP, FN, LFP, LP/LFP, LP/FN) and C-WI (LFP, LP/LFP).
Less frequently, the largest ranges of given features (FN, LFP, FD/LFP) were found in inflo-
rescences and flowers of trees treated with Roundup and Fundamentum, and individually
(LP/FN) in the case of Chwastox.

Individual features were of varying importance and had different shares in the joint
multivariate variation of the studied herbicides. Analysis of the first two canonical variates
for herbicides regarding the seven quantitative features is shown in Figure 5. In the graph,
the coordinates of the point for a particular herbicide were the values for the first and
second canonical variate, respectively. The first two canonical variates accounted for 84.23%
of the total variability between the individual herbicides. The most significant positive,
linear relationship with the first canonical variate was found for LP, FN and LP/LFP
(Table 3). The second canonical variate was significantly positively correlated with LFP and
LP/FN, while it was negatively correlated with FD/LFP.
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Figure 5. Distribution of six herbicides and control trees in the space of the first canonical variable
(V1) and the second canonical variable (V2).

Table 3. Correlation coefficients between the first two canonical variates and studied features for
herbicides.

Feature First Canonical Variable Second Canonical Variable

LP 0.977 *** 0.036
FD −0.007 0.114
LFP 0.616 0.743 *
FN 0.941 *** −0.312

LP/LFP 0.811 * −0.471
FD/LFP −0.62 −0.724 *
LP/FN −0.16 0.768 *

Percentage of explained
multivariate variability 67.70% 16.53%

LP—length of peduncle, FD—flower diameter, LFP—length of flower peduncle, FN—flower number; * p < 0.05;
*** p < 0.001.

The greatest variation in terms of all the seven features jointly measured with Maha-
lanobis distances was found for C-DWH and Mustang (distance between them amounted
to 2.473). The greatest similarity was found between Fundamentum and Roundup (0.400)
(data not shown).

The results of the MANOVA indicated that all the studied trees were significantly dif-
ferent regarding all seven quantitative features (Wilk’s l = 0.0065; F = 26.04; p < 0.0001). The
results of the analysis of variance for these features [LP (F38;936 = 72.50), FD (F38;936 = 8.63),
LFD (F38;936 = 37.18), FN (F38;936 = 66.07), LP/LFP (F38;936 = 49.20), FD/LFP (F38;936 = 30.54)
and LP/FN (F38;936 = 54.11)] showed variability of the tested trees at the significance level
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α = 0.001. The description of mean values for the individual characteristics is shown in
Table S1.

The relationships between mean values for trees of the observed features were pre-
sented in the form of a heatmap in Figure 6. This analysis indicated statistically significant
positive correlations between FN and LP (r = 0.648), LP/LFP and LP (r = 0.739), LP/LFP
and FN (r = 0.541), FD/LFP and FD (r = 0.382) as well as FD/LFP and LP/LFP (r = 0.427)
(Figure 6). Statistically significant negative correlations were observed between LP/LFP
and LFP (r = −0.446), FD/LFP and LFP (r = −0.956) as well as LP/FN and FN (r = −0.583)
(Figure 6).
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Figure 6. Heatmap for linear Pearson’s correlation coefficients between observed features of P. serotina
estimated on the basis of tree means (* p < 0.05; ** p < 0.01; *** p < 0.001). LP—length of peduncle,
FD—flower diameter, LFP—length of flower peduncle, FN—flower number.

Individual features were of varying importance and had different shares in the joint
multivariate variation of the studied trees. Analysis of the first two canonical variates
for trees regarding the seven quantitative features is shown in Figure 7. In the graph
the coordinates of the point for a particular tree were the values for the first and second
canonical variate, respectively. The first two canonical variates accounted for 63.94% of
the total variability between the individual trees. The most significant positive, linear
relationship with the first canonical variate was found for LP, FN and LP/LFP (Table 4).
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The second canonical variate was significantly positively correlated with LFP and LP/FN,
whereas it was correlated negatively with FD, FN and FD/LFP (Table 4).
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Figure 7. Distribution of 39 trees in the space of the first canonical variable (V1) and the second
canonical variable (V2).

Table 4. Correlation coefficients between the first two canonical variates and studied features for trees.

Feature First Canonical Variable Second Canonical Variable

The length of the inflorescence
peduncle (LP) 0.998 *** −0.044

Flower diameter (FD) −0.081 −0.364 *
The length of the flower

peduncle (LFP) 0.268 0.354 *

The number of flowers in
inflorescences (FN) 0.611 *** −0.761 ***

LP/LFP 0.736 *** −0.282
FD/LFP −0.280 −0.385 *
LP/FN 0.256 0.899 ***

Percentage of explained
multivariate variability 33.11 30.83

* p < 0.05; *** p < 0.001.

The greatest variation in terms of all the seven features jointly measured with Maha-
lanobis distances was found for trees 5 (C-DWH) and 34 (Mustang) (distance between them
amounted to 8.333). The greatest similarity was found between trees 19 (Fundamentum)
and 24 (Chwastox) (0.538).
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In the dendrogram presented in Figure 8, all the examined 39 P. serotina trees were
divided into four groups as a result of agglomeration grouping using the Euclidean distance
method. The first group comprised one tree—no. 5, while the second one had four trees
(21, 22, 38 and 39). The third group contained five trees: 12, 17, 25, 30 and 33. The fourth
group contained the rest of the trees.
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6. Discussion

To date, no studies have been conducted on the morphological variation of P. serotina
inflorescence outside the range of its natural occurrence. Such data would undoubtedly be
valuable in the research on the species response to various factors.

According to McVaugh [5], P. serotina is a polytypic species consisting of five sub-
species, relatively separated by geography, with morphological differences and distinctive
habitats. Based on the investigation of the genetic structure of 18 natural populations of four
P. serotina subspecies, Guzman et al. [38] found that the subspecies genetic distinctiveness
was subtle. Currently, in its native range, P. serotina has been divided into four varieties [9],
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of which P. serotina var. serotina (limited in natural occurrence to the Allegheny Plateau in
Pennsylvania) is the most commonly introduced.

Systematic reviews of the species by both McVaugh [5] and Rohrer [9] are based on
the morphological properties of leaves and not on generative organs. McVaugh [5] when
narrowing down the data to the subspecies P. serotina estimated the mean flower number
in inflorescence at 35, with the greatest number observed 93 and the mean length of the
racemose axis about 120 mm, within the range 60–150 (−210) mm. In turn, according to
Rohrer [9], within the entire range of P. serotina the inflorescences consist of 18–55 up to even
90 flowers, on the axis (25-)35–160 mm long. Considering current data obtained in relation
to the control trees only (thus excluding the effects of herbicides), they are in the ranges of
morphological variation for flowers and inflorescences defined by Rohrer [9]. Compared to
McVaugh’s study [5], presently analysed inflorescences (similarly only from the control
trees) have on average shorter axes (±30 mm) and with a slightly smaller mean number of
flowers (±3), but slightly longer mean flower peduncles (±1 mm). On the other hand, the
mean number of flowers per inflorescence from control trees is quite similar to that cited by
Wang et al. [30] as the range for the species (32–40 flowers) but actually observed flowers are
slightly smaller (±0.1–0.5 mm in flower diameter). The morphological differences indicated
above may to some extent arise from the influence of habitat factors. Guzmán et al. [4]
proved that the habitat, in particular altitude, temperature and precipitation are partially
associated with morphological variations of some P. serotina subspecies features, including
length of stamens and fruit pedicel.

The herbicides are known to reduce the number of flowers and delay flowering,
with the result dependent on the herbicide used and the plant species [28]. Current
research revealed a negative effect of all used herbicides (considered together) on the
size of inflorescences and the number of flowers per inflorescence. Totally on average
the racemes from trees treated with any of the herbicides were ±15 mm shorter and they
had ±8–9 flowers fewer than the racemes from the control trees. However, no significant
differences were visible between the flowers from the control and herbicide-treated trees,
except for peduncle length. Usually, it was ±0.5 mm shorter in flowers from herbicide-
treated trees. All the other analysed flower features, such as flower diameter, proper
development of stamens and pistils were similar, irrespective of tree treatment. In this
study, the herbicides were applied when the black cherry trees were in the leaf development
phase. In studies on various herbal species, Boutin et al. [39] showed that plants sprayed
during early vegetative stages were affected in their vegetative parts and this was a period
where plants appeared to be very sensitive. At the same time, the authors noted that plant
responses could first be delayed and then very pronounced. We should also remember that
plants may contain a large number of enzymes that metabolize herbicides to non-phytotoxic
products [40].

In an experiment reported by Carpenter et al. [28] conducted on nine wild plant
species, despite the low dose glyphosate exhibited the greatest negative effect out of five
different herbicides used, and it often led to plant death. Even herbicide-resistant plants
may be affected by this chemical. Yasuor et al. [41] stated that late glyphosate spraying of
glyphosate-resistant cotton Gossypium hirsutum L. caused abnormal development of flowers,
with non-dehiscent anthers containing irregularly shaped and less viable pollen grains. In
contrast, pistils of treated plants were functional and did not show any modifications. In
this study glyphosate (Roundup) did not induce such visible morphological modifications
or injury symptoms in flowers. In our study, two pistils per single flower in tree number
29 treated with the Logo herbicide were observed. However, this anomaly may not have
been directly connected with the use of the herbicide, since two pistils were found only in
four flowers collected from the same tree. At the same time, it may not be ruled out that this
was an effect of individual variability. Herbicides derived from sulfonylureas that inhibit
acetolactate synthase (ALS) are most widely used [42]. In the present study, the group
of these chemicals included Chikara, Fundamentum and Logo. Yu et al. [43] observed
that trace amounts of sulfonylurea herbicide tribenuron-methyl caused male sterility in
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17 species and subspecies from the family Brassicaceae. Plant exposure to 0.8–1.2 mg/L
of tribenuron-methyl resulted in a reduction of plant height and biomass and deformed
flowers that lacked petals and undeveloped stamens. In another research on Brassica napus
L. Yu et al. [44] reported that the application of sulfonylurea herbicide, especially tribenuron-
methyl, reduced pistil length, petal size, diameter of corolla and seed-setting rate. Similarly,
in the present study, P. serotina inflorescences from trees treated with the three herbicides
based on the sulfonylurea derivatives (i.e., Chikara, Fundamentum and Logo) had smaller
dimensions and fewer flowers than those from control trees (C-WI). A comparison of the
effects of these herbicides on the examined organs showed that the average length of the
inflorescence differentiated the most (especially Chikara, Fundamentum, and Logo) and
the diameter of the flower (corolla) differentiated the least.

It is also worth noting that the currently described study was carried out one year
after the herbicide use. In contrast, Yu et al. [43,44] investigated in the same year after
herbicide application.

The herbicides used in this experiment functionally work based on different target
mechanisms. All of them contributed, however, to the reduction of inflorescence size and
flower number, irrespective of their active substance contents. It could be assumed that such
a result was obtained, since all the herbicides used inhibited the growth and development
of analysed tree species, regardless of the concentration of the active substance. Therefore,
for all the six preparations it cannot be excluded that even a small content of the active
substance is sufficient to reduce the inflorescence size and flower number in P. serotina.

This study revealed a statistically significant influence of all the herbicides used on
almost all observed inflorescence and flower features, except for flower diameter (FD).

7. Conclusions

• This study revealed morphological differences among the seven (out of 9) tested fea-
tures of P. serotina inflorescences and flowers collected from 10 control trees compared
to the 29 trees treated with six various herbicides. Two features—stamen viability (SV)
and pistil number (PN) were practically the same for all the trees investigated. The
only exception was four flowers from tree no. 29 (treated with Logo), for which two
pistils were found instead of one.

• A new aspect of the current research was a long-term analysis of the herbicide impact
on flower and inflorescence development. The investigated P. serotina trees were
treated with six types of chemicals at the beginning of April 2020, and the genera-
tive material for the study was harvested at full flowering in June 2021. Thus our
experiment lasted over a year. As a rule, in other investigations with herbicides, their
effectiveness is checked within a short period of at most several weeks after appli-
cation, where inhibition of growth and plant development is visible after only a few
days. The doses of chemicals used are intended to cause plant death. Therefore it is
not possible to check the side effects of herbicides on plant development in the longer
term. Thus, our research supplements knowledge on the herbicide influence after a
relatively long time after its application.

• The largest ranges of values of the studied features were observed in inflorescences
and flowers collected from the control trees (C-WI, C-DWH). The average values of
these features were similar and most often higher than the values for trees treated
with herbicides.

• The greatest variability in the features of inflorescences and flowers was found for
C-DWH. The values of the features after the application of Fundamentum slightly
differed from those obtained for the other herbicides, being the closest to Roundup.
Similar features of the examined generative organs were observed in the trees treated
with Logo and Roundup, as well as those treated with Chwastox, Chikara and Mustang
(see Figure 5).

• This study contributes to the search for effective methods of combating the invasive
black cherry in forests. The use of six different herbicides—with different active
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substance contents—to control P. serotina proves to be effective. One year after their
application a reduction was observed in the size of inflorescences, as well as the
number of flowers. This effect was obtained for all the herbicides used. It may indicate
that already a small amount of the active substance is sufficient to reduce the size
of inflorescences and the number of flowers in P. serotina. There is no doubt that a
continuation of the research in the years following herbicide application will yield
further valuable results.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f13010021/s1, Figure S1: Leaf development phase during herbicide
application in April 2020 (R. Korzeniewicz); Figure S2: P. serotina (a)—inflorescence, (b)—front view
of flower, (c)—longitudinal view of flower, (d)—double pistil (P. Kiciński, K. Lechowicz); Table S1:
Minimal and maximal values, arithmetical means and coefficients of variation (CVs) of observed
features for particular trees.
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Ze Szczególnym Uwzględnieniem Gatunków Inwazyjnych; Generalna Dyrekcja Ochrony Środowiska: Warszawa, Poland, 2012.
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23. Otręba, A. Czeremcha amerykańska Padus serotina (Ehrh.) Borkh. In Metody Zwalczania Obcych Gatunków Roślin Występujących na
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