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Abstract: The spread of invasive plants is one of the most significant causes of biodiversity loss in
natural, semi-natural, and anthropogenic habitats in Poland. This two-year study aimed to assess the
rate of self-renewal of Canadian goldenrod (Solidago canadensis L.) and giant goldenrod (S. gigantea
Aiton), and the possibility of achieving full generative development on fallow land restored to
agricultural use with mechanical treatments. The following research objects were examined: the
control (no mechanical treatments); one-time mowing; two-time mowing; one-time mowing plus one-
time rotary tilling; and one-time mowing plus two-time rotary tilling. The phenological development
of Solidago spp. was observed every 14 days from June to September each year. In October of
each growing season, the aboveground parts of goldenrods’ biomass were measured, and selected
morphological parameters were assessed. Two-time mowing and one-time mowing with two-time
rotary tilling resulted in the highest reductions in the share of goldenrods in the generative stages
of development, of 64.0% and 51.7% compared to the control, respectively. The two-time mowing
treatment was the most effective at inhibiting goldenrods’ biomass accumulation, with a 57.7–77.0%
decrease in biomass compared to the control. This treatment also reduced the number of flowering
shoots and inflorescence lengths of both Solidago species.

Keywords: Canadian goldenrod; giant goldenrod; invasive plant species; phenological development;
mechanical weed control

1. Introduction

Canadian goldenrod (Solidago canadensis L.) and giant goldenrod (S. gigantea Aiton)
are among the most invasive plant species to be found in many European countries [1,2],
including Poland [3,4], Slovakia [5], the Czech Republic [6], Hungary [7,8], and Norway [9].
Invasive goldenrods also threaten biodiversity in Asia, Australia, and New Zealand [10–15].

Canadian goldenrod and giant goldenrod originated in the eastern part of North
America [1,7,16,17], and were introduced to Europe as ornamental plants [18]. Over time,
goldenrods began to spread wildly from cultivated sites to anthropogenic [19,20], semi-
natural, and natural habitats [3,20]. Today, invasive goldenrods are observed across almost
all of Poland; they occur en masse in many regions of the country, occupying large areas
and forming dense, often single-species communities [20–24]. They pose a major threat to
native plant species, competing with them for an ecological niche and displacing them from
ecosystems, resulting in decreased biodiversity of plant communities and homogenization
of the landscape [2,25]. Goldenrods are considered to be a limiting factor in the biodiversity
of pollinating insects [26,27] and birds in meadow habitats in central and eastern Europe,
including Poland [28]. Due to the threat they present, invasive goldenrods occurring in
Poland have been included in the list of species posing a threat to nature in Poland and the
European Union [29].

The ecological success of the goldenrod is due, amongst other things, to a wide range
of tolerance of environmental factors [23,30], excellent acclimatization to new habitat con-
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ditions [7,22], and their impact on the transformation of nutrients in the soil [31]. Kozak
and Pudełko [32] stated that the fields where invasive goldenrods appeared were indicated
as the fallow areas most affected by soil degradation. Ecosystems invaded by S. gigantea
were found to have, among other things, lower soil pH and higher labile P fractions [33,34].
In sites invaded by S. canadensis, to those in the native sites, total soil nitrogen, total phos-
phorus, available phosphorus content, and aggregate stability consistently decreased [13].
Vegetative and generative reproduction, where high fertility and ease of spreading achenes
play an important role, are conducive to the rapid spread of goldenrods [9,15,35,36]. In
the initial period of colonization, propagation by achenes is of greater importance, while,
in the later period, vegetative reproduction is more important [24]. Another advantage
of goldenrods is their allelopathic potential [25,37–39]. In light of recent studies [40], the
allelopathic potential of Canadian goldenrod may be exacerbated by drought stress. As
studies conducted in China show [14], warmer and more humid bioclimatic conditions
may result in the intense spread of Canadian goldenrod in the future. Ren et al. [41] have
noted that invasive species have a higher chance of ecological success under conditions
where nitrogen deficiency in the soil and global warming coexist. The above reports al-
low us to envisage a progressive threat related to the presence of invasive species of the
Solidago genus in Poland, which, according to [42], will be exposed to severe atmospheric
droughts in the coming decades. It is envisaged that this may affect biotopes particularly
vulnerable to the encroachment of unwanted newcomers, especially those important to
the preservation of biodiversity, such as protected areas [43], meadows [20,27,44,45], and
riversides [20,46] or wetland habitats [47].

Numerous studies point to the widespread encroachment of invasive goldenrods on
agricultural lands. Occurrence of Solidago spp. is particularly observed on extensively
farmed arable lands, especially in areas that are left fallow on a long-term basis or are
adjacent to fallow lands, and on roadsides and field borders [3,23,24,32,48]. For this reason,
invasive goldenrods are even identified as being bioindicators of fallow lands [49]. Energy
crops are also at risk of intensifying the occurrence of goldenrods [50]. In the view of
Jezierska-Domaradzka and Domaradzki [48], for this reason, it is inadvisable to consider
the possibility of growing invasive goldenrods for energy purposes, even though these
species, which occur in dense canopies of growth, may provide significant quantities
of biomass.

The attempts to restore agricultural functions to long-term fallow areas described
in the literature indicate that Canadian goldenrod and giant goldenrod are some of the
most burdensome and difficult-to-control perennial species [6,8,22,24,44,51]. The costs of
removing goldenrods [52], and the efficacy and potential impact of applied methods of
eliminating fallow lands—especially those based on herbicides—on other species are of
significance [53]. Moreover, as studies such as [24] show, the application of herbicides
does not give lasting results in eliminating goldenrods, which show a significant degree of
regrowth a few months after treatment. The use of mechanical methods for limiting the
growth of goldenrods, especially during the early stages of colonization of endangered
habitats, could be an interesting alternative, due to the negative environmental impact of
methods based on the application of herbicides, as well as the impossibility of destroying
undesirable species on protected lands with herbicides selectively.

This study aimed to (1) assess the course of the developmental phases, and (2) assess
the aboveground biomass, of Canadian goldenrod and giant goldenrod during the self-
renewal of plant cover on post-agricultural fallow restored by mechanical treatments of
varying intensity.

2. Materials and Methods
2.1. Research Area

A field experiment was conducted in the growing seasons of 2015–2016. The study’s lo-
cation was on post-agricultural fallow land in Kraków–Mydlniki (50◦08′74′′ E, 19◦86′59′′ N;
southern Poland). The research area was permanently covered with dense canopies of
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both species of invasive goldenrods (heterogeneous mosaic of S. canadensis and S. gigantea).
The land had not been used for agricultural purposes for around 10 years. Apart from the
dominant goldenrods, the following species or genera of trees and shrubs, typical for fallow
lands in advanced stages of secondary succession, occurred: walnut (Juglans regia L.), black
cherry (Prunus serotina Ehrh.), birch (Betula sp. L.), and dog rose (Rosa canina L.). In the
growing season before the start of the experiment, the study area was cleared of self-seeded
trees and shrubs; their aboveground parts were cut back, and their underground parts were
dug up and removed. In the first year of the study, the fallow land was divided into five
research objects in three repetitions. Due to the limited area of clustered goldenrods, it was
decided to keep the larger areas for research on plots subjected to mechanical treatments.
All of the plots, except for the controls, had a surface area of 8 m2 (4 m long and 2 m wide);
the control plots had a surface area of 4 m2 (2 m long and 2 m wide). The experiment was
set up in a random block layout.

2.2. Soil–Weather Conditions

The experiment was located on Luvisols [54]. The representative soil samples were
sampled from a 0–20 cm layer using an Egner’s cane, according to the Polish Standard PN-
R-04031:1997. Soil properties were determined at the Regional Chemical and Agricultural
Station’s accredited laboratory in Kraków (Accreditation No. 759). The soil contained
41.07% sand, 54.14% silt, and 4.79% clay. The soil pH in KCl was 5.5. Organic matter content
was 1.93%, total nitrogen was 1.11%, available phosphorus (P2O5) was 3.4 mg/100 g−1 of
soil, available potassium (K2O) was 13.5 mg/100 g−1 of soil, and available magnesium
(Mg) was 7.2 mg/100 g−1 of soil.

Weather data—i.e., the mean air temperature and sums of precipitation in the years
of the study—were obtained from the meteorological station at the Kraków–Mydlniki
Experimental Station of the University of Agriculture. For long-term data, the mean
temperature and sums of precipitation for Kraków were used [55].

The first year of the study was characterized by a slightly higher average air tempera-
ture for the growing season (April–October) than the second year of the study (Table 1).

Table 1. Mean air temperature (◦C) for 10-days periods, months, and growing seasons in the years
2015–2016, and over the long-term period, in Kraków–Mydlniki.

Year 10-Days Period
Month

IV V VI VII VIII IX X IV–X

2015

1 4.2 13.3 19.1 21.1 23.3 15.2 9.5 15.1
2 9.7 13.2 17.7 20.0 21.8 17.8 6.8 15.3
3 12.1 12.6 15.8 20.7 19.6 11.9 6.8 14.2

Mean 8.7 13.0 17.5 20.6 21.5 15.0 7.7 14.9

2016

1 10.0 12.5 16.3 19.0 18.7 18.5 8.9 14.8
2 10.3 11.7 18.1 18.2 16.6 16.5 7.4 14.1
3 6.5 18.2 20.0 20.9 18.6 10.6 7.3 14.6

Mean 9.0 14.1 18.1 19.4 18.0 15.2 7.8 14.5

1951–2000 Mean 8.0 13.1 16.4 17.9 17.3 13.3 8.4 13.5

In 2015, the mean air temperature for the growing season was 14.9 ◦C, while, in 2016,
it was 14.5 ◦C. Higher mean air temperatures were recorded in both seasons compared to
the long-term period (1951–2000). The warmest month in 2015 was August, whereas it was
July in 2016 and over the long-term period. The coolest month in both growing seasons
was October, and over the long-term period the lowest mean air temperature was recorded
in April.

The growing seasons in both years of the study differed significantly in the amount of
precipitation (Table 2).
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Table 2. Sum and mean precipitation (mm) for 10-days periods, months, and growing seasons in the
years 2015–2016, and over the long-term period, in Kraków–Mydlniki.

Year 10-Days Period
Month

IV V VI VII VIII IX X IV–X

2015

1 14.0 37.3 0.0 5.1 3.8 11.4 0.0 71.6
2 0.8 20.8 20.8 23.1 61.0 29.2 20.3 176.0
3 27.4 45.7 15.0 14.2 4.3 28.5 5.6 140.7

Sum 42.2 103.9 35.8 42.4 69.1 69.1 25.9 388.4

2016

1 14.0 12.7 25.7 31.0 74.7 11.2 77.5 246.8
2 22.4 24.4 21.3 70.9 20.8 7.4 18.0 185.2
3 15.5 8.9 9.4 78.2 18.3 1.3 32.0 163.6

Sum 51.8 46.0 56.4 180.1 113.8 19.8 127.5 595.4

1951–2000 Mean 49.0 76.0 89.0 93.0 81.0 54.0 45.0 487.0

In the 2015 growing season, only 388.4 mm of precipitation was recorded, while in
the following season, it was as much as 595.4 mm. The mean sum of precipitation for the
growing seasons from 1951 to 2000 was 487.0 mm. The month with the highest amount of
precipitation during the growing season in the first year of the study was May, whereas in
the second year and over the long-term period it was July. The lowest precipitation in the
2015 growing season and over the long-term period was recorded in October, while in 2016
it was in September.

2.3. Mechanical Treatments

In the experiment, the following research objects were applied: control—no mechani-
cal treatments (C), one-time mowing (1M), two-time mowing (2M), one-time mowing plus
one-time rotary tiller treatment (1M + 1RT), and one-time mowing plus two-time rotary
tiller treatment (1M + 2RT). The first mowing was performed in the first year on 15 May,
while in the second year it was performed on 20 May. The plants were cut a second time
five weeks after the first mowing, i.e., on 22 June 2015 and 28 June 2016, respectively. The
plants were mowed at the surface of the soil, and their height at mowing was approximately
15 cm. The machines used in the experiment were an Acme Motori single-axle scythe
mower (ACME, Reggio Emilia, Italy) and a Muratori MZ4S 115 rotary tiller (Muratori,
Modena, Italy). The mowed plants were left on the surface of the plots, discarded in a
uniform layer, without further shredding. A one-time or two-time rotary tiller treatment,
to a depth of ca. 15 cm, was performed just after the first mowing of the plants on plots
where those treatments were planned.

2.4. Phenological Development Observations

Each year, the developmental phases of goldenrods were systematically recorded
in order to determine the rate of self-renewal of goldenrods subjected to the mechanical
treatments, from the beginning of June to the end of September. The observations covered
all treatments, and were carried out every 14 days (Table 3). The first observation was
conducted three weeks after the first mechanical treatment. Due to their similarities in
morphological structure, biology, and ecology, no distinction was made in the observations
between the goldenrod species.

Five phases of goldenrods’ development were distinguished, based on [56], includ-
ing two phases of vegetative development: (1) emergence and early vegetation, and
(2) development of shoots; and three phases of generative development: (3) formation
of inflorescences, (4) flowering, and (5) fruiting and shedding of achenes. Moreover, the
percentage share of goldenrods in the plant cover of each plot was recorded in the in-
dividual development phases. One thousand two hundred analyses were performed
(four treatments + control × three repetitions × eight observation periods × five develop-
ment phases × two years) in total.
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Table 3. Dates of developmental phase observations of Solidago spp. in the years of study.

2015 2016

June 2. June 10.
June 16. June 25.
June 30. July 9.
July 14. July 23.
July 28. August 6.

August 11. August 20.
August 25. September 3.

September 9. September 17.

2.5. Measurements of Biomass and Biometric Parameters

In both years, by the end of the growing season, plant material was collected from
each experimental plot from two 0.5 m2 areas (1 m2 in total), in order to measure the size of
the aboveground biomass of goldenrods, and to determine the inflorescence parameters
of individual specimens that achieved generative development. The aboveground parts
of goldenrods were separated from the aboveground parts of accompanying weeds, and
the fresh mass of both groups of plants was measured. In the first year, the measurement
of biomass was taken on 2 October, while in the second year it was taken on 18 October.
In each sample, the number of goldenrod shoots with inflorescence was counted. Twenty
shoots of Solidago spp. were then randomly taken, and their length with inflorescence and
the length of their inflorescences were determined. In the second growing season, the
number of inflorescence branches was counted on twenty goldenrod shoots.

2.6. Statistical Analysis

An introductory, descriptive part of the analysis was performed for the percentage
share of the goldenrods only, using MS Excel spreadsheets (Figures 1–5 and
accompanying comments).

Figure 1. Mean share of goldenrods in successive developmental stages covering the plots’ surfaces
in the control treatment (C). In Figures 1–5, vegetative stages are marked green, while generative
stages are orange, and the numbers mark the successive stages of the goldenrods’ development:
(1) emergence and early vegetation, (2) development of shoots, (3) formation of inflorescences,
(4) flowering, and (5) fruiting and shedding of achenes.
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Figure 2. Mean share of goldenrods in successive developmental stages covering the plots’ surfaces
in the one-time mowing treatment (1M). In Figures 1–5, vegetative stages are marked green, while
generative stages are orange, and the numbers mark the successive stages of the goldenrods’ develop-
ment: (1) emergence and early vegetation, (2) development of shoots, (3) formation of inflorescences,
(4) flowering, and (5) fruiting and shedding of achenes.

Figure 3. Mean share of goldenrods in successive developmental stages covering the plots’ surfaces
in the two-time mowing treatment (2M). In Figures 1–5, vegetative stages are marked green, while
generative stages are orange, and the numbers mark the successive stages of the goldenrods’ develop-
ment: (1) emergence and early vegetation, (2) development of shoots, (3) formation of inflorescences,
(4) flowering, and (5) fruiting and shedding of achenes.
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Figure 4. Mean share of goldenrods in successive developmental stages covering the plots’ surfaces
in the one-time mowing with one-time rotary tiller treatment (1M + 1RT). In Figures 1–5, vegetative
stages are marked green, while generative stages are orange, and the numbers mark the successive
stages of the goldenrods’ development: (1) emergence and early vegetation, (2) development of
shoots, (3) formation of inflorescences, (4) flowering, and (5) fruiting and shedding of achenes.

Figure 5. Mean share of goldenrods in successive developmental stages covering the plots’ surfaces
in the one-time mowing with two-time rotary tiller treatment (1M + 2RT). In Figures 1–5, vegetative
stages are marked green, while generative stages are orange, and the numbers mark the successive
stages of the goldenrods’ development: (1) emergence and early vegetation, (2) development of
shoots, (3) formation of inflorescences, (4) flowering, and (5) fruiting and shedding of achenes.

For the part of the results that indicated the effectiveness of the mechanical treatments
and were statistically significant, general linear models (GLM) were applied using Statistica
13.3 (TIBCO Software Inc., Tulsa, OK, USA). In the analysis of goldenrods’ percentage
shares, the treatment, observation date, and developmental stage (vegetative and gener-
ative) were used as predictors. In the case of goldenrods’ biomass, their aboveground
length, and the number of shoots with inflorescences, the only independent factor was
the treatment.
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3. Results
3.1. Phenological Development Observations

The mechanical treatments of varying intensity had a variable impact on the self-
renewal rate of invasive goldenrods (Figures 1–5).

In the control treatment (C), on the first four observation dates (from the first half
of June to the second half of July), individual specimens in the stages of vegetative de-
velopment were dominant in the plant cover of plots. The percentage of plants in the
emergence and early vegetation stage was the highest in the first observation term (the
first half of June), amounting to approximately 20%, and decreasing until the complete
disappearance of individual specimens in that stage upon the last observation (the second
half of September). From the beginning of June to the end of July, goldenrods in the shoot
development stage represented the largest share of plant cover, amounting to 70.0–80.0%.
At the same time, in the first observation term, an approximately 2.5% share of Solidago
spp. individuals in the formation of inflorescences stage was recorded. The first flowering
individuals were found in the second half of July, while individuals in the fruiting and
shedding of achenes stage were found two weeks later. From the first half of August to
the second half of September, nearly two-thirds of the population achieved generative
development—approximately 62.0–83.0%, depending on the date of observation. In the
last observation term (the second half of September), nearly 25.0% of plants were already
in the stage of fruiting and shedding of achenes.

In the treatment with one-time mowing (1M; Figure 2), the initial development of the
goldenrods was similar to that of the control (cf. Figure 1).

The treatment did not significantly limit the rate of vegetative development of Solidago
spp. Until the first observation (the first half of June), over 70.0% of regrowing plants suc-
cessfully developed shoots. On the next three dates of observation, the share of individuals
in the development of shoots stage was approximately 90.0%. The first individuals in the
formation of inflorescences stage were observed in the first half of July, which was four
weeks later than in the control treatment. In the 1M treatment during the next observations,
there was also a slight slowing down in the rate of goldenrods’ development, with a lower
share of plants in the various stages of generative development than in the control treat-
ment. As a result, the beginning of the flowering and the fruiting and shedding of achenes
stages were two weeks delayed compared to the control treatment. The first flowering
individuals were observed as late as the first half of August, and their share was only
3.3%. In turn, the first fruiting and shedding achenes individuals appeared two weeks
later. The delay in the development of the goldenrods was thus reflected in a lower share
of individuals reaching full maturity and shedding achenes in the last observation. The
share of plants capable of shedding achenes amounted to 18.2%, and was ca. 7 percentage
points (p.p.) less than in the control treatment.

The first two observations of the two-time mowing treatment (2M; Figure 3) were
analogous to those obtained for the one-time mowing treatment (cf. Figure 2). The majority
of individuals—i.e., 77.5–91.7%—in the 2M treatment achieved the development of shoots
stage by the end of June. In the first half of July, a similar 50.0% share of plants was
recorded in the emergence and early vegetation stage and the development of shoots
stage. As a result, the first individuals forming inflorescences were recorded only in the
second half of July 2015. A two- and six-week delay in reaching the generative stages was
observed compared to the 1M and control treatments, respectively. Plants in the fruiting
and shedding of achenes stage were recorded only in the second half of August 2015, with
a 5.0% share by the end of the growing season. In the second year of the study, in the
2M treatment, goldenrods remained in the stage of shoot development to the end of the
growing season (Figure 3).

The development of plants treated with the one-time mowing plus one-time rotary
tiller treatment (1M + 1RT; Figure 4) was also delayed compared to the control treatment
(cf. Figure 1).
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In the first analysis observation term, in the first half of June, 45.2% of goldenrod
individuals were found to be in the emergence and early vegetation stage, and 54.2%
in the development of shoots stage. On the next two observation dates, the goldenrods’
development was almost identical to that in the control and 1M treatments, except that
no individuals were in the stage of inflorescences forming. Contrarily, in the 1M + 1RT
treatment, they were noted six and two weeks later, as in the control and 2M treatment.
The beginning of the flowering and the fruiting and shedding of achenes stages in the 1M
+ 1RT treatment was two weeks later than in the control and 1M treatments. On average,
12.6% of individuals capable of shedding achenes were found on the last assessment date,
which was two times less than in the control treatment, but over two times more than in
the two-time mowing treatment.

For the one-time mowing plus two-time rotary tiller treatment (1M + 2RT; Figure 5),
the development of Solidago spp. in the period from the first half of June to the first half of
August was almost identical to that in the 1M + 1RT treatment (cf. Figure 4).

The goldenrods reached the formation of inflorescences stage approximately six weeks
later compared to the control treatment. As a result, in the second half of August, there was
a 20.0 p.p. lower share of individuals forming inflorescences, and 5.5 p.p. less flowering
individuals, than in the 1M + 1RT treatment, as well as no individuals shedding achenes.
In the 1M + 2RT treatment, goldenrod plants started fruiting and shedding achenes as late
as in the second half of September. Moreover, their percentage was only 5.8%.

The efficacy of the 2M and 1M + 2RT treatments in stimulating the vegetative devel-
opment and inhibiting the generative development of the goldenrods is shown in Figure 6.

Figure 6. Mean share of goldenrods in vegetative and generative stages covering the plots’ surfaces,
depending on the type of mechanical treatment. The following symbols denote the research treat-
ments: C: control; 1M: one-time mowing; 2M: two-time mowing; 1M + 1RT: one-time mowing with
one-time rotary tilling; 1M + 2RT: one-time mowing with two-time rotary tilling.

The average share of goldenrods in the vegetative stages in the 2M treatment was
the highest among all of the examined treatments, at 45.4%. In contrast, in the stages of
generative development, it was only 2.7%.

3.2. Measurements of Biomass and Biometric Parameters

The mechanical treatments had varying impacts on the aboveground biomass of the
plants (Figure 7).
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Figure 7. Mean fresh mass of the aboveground parts of plants per 1 m2, depending on the
type of mechanical treatment. The following symbols denote the research treatments: C: control;
1M: one-time mowing; 2M: two-time mowing; 1M + 1RT: one-time mowing with one-time rotary
tilling; 1M + 2RT: one-time mowing with two-time rotary tilling.

In 2015, the accumulation of aboveground biomass was limited mostly by the 1M + 2RT
treatment. The total mass of the aboveground parts of plants per 1 m2 was equal to
0.883 kg m−2—almost three times lower than in the control treatment (2.430 kg m−2). In
the second year of the study, 2016, the efficacy of all methods in limiting the aboveground
biomass of plants was lower. For example, in 2016, the 1M + 2RT treatment was less
effective at limiting the accumulation of a fresh mass of the aboveground parts of plants
compared to 2015. However, the most effective treatment in limiting the aboveground
biomass accumulation in both years proved to be the 2M treatment. The fresh mass of
aboveground parts for that treatment was 1.103 kg m−2 and 1.180 kg m−2 in 2015 and
2016, respectively.

The application of the 2M treatment also resulted in the largest limitation of golden-
rods’ biomass accumulation, compared to the control treatment (Figure 8).

The fresh mass of goldenrods in the 2M treatment was 0.801 kg m−2 in 2015 and
0.540 kg m−2 in 2016, while in the control treatment it was 1.892 and 2.348 kg m−2 in 2015
and 2016, respectively. In addition, the average share of goldenrod biomass in the biomass
of all plants in the 2M treatment ranged from 45.0% to 72.2%, whereas in the control it
was 77.4–88.7%, in 2015 and 2016, respectively (cf. Figure 7). In the first year of the study,
the combination of 1M + 2RT was also highly effective; thus, the aboveground parts of
the goldenrods’ biomass only slightly exceeded 0.520 kg m−2 (Figure 8). In the second
year of the study, similar to the aboveground biomass of all plants, the treatments were
less effective at limiting the growth of mass of the aboveground parts of Solidago. Once
again, the 1M treatment was the least effective at inhibiting the biomass of plants; after this
treatment, the fresh mass of aboveground parts of goldenrods was 1.414 and 2.189 kg m−2

in the first and second year of the study, respectively.
The 2M treatment was most effective at reducing the length of the aboveground parts

of the goldenrods, irrespective of the year of the study (Figure 9).
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Figure 8. Mean fresh mass of the aboveground parts of goldenrods per 1 m2, depending on the
type of mechanical treatment. The following symbols denote the research treatments: C: control;
1M: one-time mowing; 2M: two-time mowing; 1M + 1RT: one-time mowing with one-time rotary
tilling; 1M + 2RT: one-time mowing with two-times rotary tilling.

Figure 9. Mean length of the aboveground parts of goldenrods, depending on the type of mechanical
treatment. The following symbols denote the research treatments: C: control; 1M: one-time mowing;
2M: two-time mowing; 1M + 1RT: one-time mowing with one-time rotary tilling; 1M + 2RT: one-time
mowing with two-times rotary tilling.

The average length of the aboveground parts of goldenrods in the 2M treatment was
59.8 cm in the first year of the study and 37.2 cm in the second year, while in the control
treatment it was 123.0 cm and 132.3 cm, respectively. In 2015, the high efficacy of the
1M + 2RT treatment was also noted; the average length of the aboveground parts of the
goldenrods then was 67.0 cm. In both years, in the 1M and 1M + 1RT treatments, the
length of the aboveground parts of the goldenrods was only a few cm less than the control
treatment (Figure 9).

The number of goldenrod flowering shoots also varied depending on the mechanical
treatments (Figure 10).
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Figure 10. Mean number of goldenrod shoots with inflorescences per 1 m2, depending on the type
of mechanical treatment. The following symbols denote the research treatments: C: control; 1M:
one-time mowing; 2M: two-time mowing; 1M + 1RT: one-time mowing with one-time rotary tilling;
1M + 2RT: one-time mowing with two-times rotary tilling.

In the 2M treatment in 2015, there were only three flowering shoots of goldenrods,
while in the second year all plants ended their growth in the vegetative stages. The
1M + 2RT treatment was satisfactory in reducing the number of flowering shoots per unit
of the area in 2015 only. There were only 6 flowering shoots in that treatment, while in the
control treatment, there were 35 of them (Figure 10).

The 2M treatment also reduced the average length of inflorescences (Figure 11), which
was only 2 cm in 2015; in the second year of the study, the plants did not form inflorescences.
In comparison, in the control treatment, the length of inflorescences was 25.7 and 28.2 cm
in the first and second years, respectively. The 1M + 2RT treatment satisfactorily reduced
the length of goldenrods’ inflorescences in 2015 only.

Figure 11. Mean length of goldenrod inflorescences, depending on the type of mechanical treat-
ment. The following symbols denote the research treatments: C: control; 1M: one-time mowing;
2M: two-time mowing; 1M + 1RT: one-time mowing with one-time rotary tilling; 1M + 2RT: one-time
mowing with two-times rotary tilling.
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Similarly, the 2M treatment reduced the number of inflorescence branches on a sin-
gle goldenrod shoot, as measured in 2016 (Figure 12), as the plants did not fully form
inflorescences (cf. Figure 11).

Figure 12. Mean number of inflorescence branches per single goldenrod shoot, depending on the
type of mechanical treatment. The following symbols denote the research treatments: C: control;
1M: one-time mowing; 2M: two-time mowing; 1M + 1RT: one-time mowing with one-time rotary
tilling; 1M + 2RT: one-time mowing with two-times rotary tilling.

In the case of the 1M + 2RT treatment, the inflorescence branches were reduced by
14 units compared to the control treatment. In the control treatment, on average,
30 branches were found per inflorescence.

4. Discussion

Limiting the area and density of invasive goldenrods’ stands opens the way for
restoring natural plant cover to renew habitats. Although the most efficient method
of controlling goldenrod is the chemical one [11,22,44,57], herbicides pose toxicological
and ecological threats, especially toward non-target organisms [53]. Biological control of
goldenrods may reduce negative ecological impacts, but until now this approach has only
been applied to control S. canadensis in China [58,59]. For that reason, other authors advise
mechanical methods; however, they are mostly combined with herbicides [6,24].

Some authors point out that regular mowing of the goldenrods’ biomass could also
be the first step in restoring such areas to their natural biodiversity [48]. In our study,
the one-time mowing treatment proved to be least effective at inhibiting the growth and
development of goldenrods. Our results are consistent with many authors [6,51,60], who
also underline that a one-time mowing treatment does not sufficiently limit the spread
of goldenrods. Contrarily, [8] showed that in both the short-term (1–2 years) and the
long-term (8–20 years), one-time mowing resulted in a statistically significant reduction
in the density of S. gigantea per unit of area. Furthermore, [8] states that in the long-term
experiment, in treatments where one-time mowing was carried out in June, a significant
increase in the richness of species and habitat biodiversity was observed.

In our study, in the two-time mowing treatment performed in the second year, the
goldenrods ended their development in the vegetative shoots stage; this is evidence of
this treatment’s efficacy at limiting goldenrods’ development. Our finding is supported
by [16,17], who discovered that the two-time mowing treatment resulted in a significant
reduction in biomass and limited the area occupied by invasive goldenrods. Moreover,
we found that the two-time mowing treatment reduced the number of shoots ending
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with an inflorescence and the length of the inflorescences, which is important in reducing
their reproductive potential and the possibility of colonizing new areas. Furthermore,
supplementing mowing with a rotary tiller, especially when tilling was performed twice,
effectively delayed the generative development of goldenrods, and limited the share of
individuals that reached the flowering and fruiting stage. To our knowledge, this is the first
finding of the effect of mechanical treatments on the generative development of goldenrods.
Similarly to our results, [56] proved that two-time mechanical hoeing in maize inter-rows
caused a shift in the development of Echinochloa crus-galli (L.) P.Beauv., delaying its fruiting
and shedding of grains stage.

The dominance of the Solidago taxa in plant communities contributes to a reduction
in the species richness, thus reducing the biodiversity of the habitats it occupies [2,8,48].
This finding is supported by our results concerning shifts in plants’ biomass per unit of
area. In the treatment without mechanical intervention, nearly all of the collected biomass
consisted of goldenrods, while the remaining plant species only accounted for a very slight
fraction. Applying mechanical treatments of different intensities increased the biomass
of other species accompanying goldenrods in the regenerating plant cover, which shows
that the treatments contributed to increasing floral diversity in the restored area. Moreover,
we argue that the mechanical treatments created conditions conducive to the intrusion
of species, which may originate from diaspora stimulated to sprouting from the local
seed bank or spread from neighboring areas. Studies such as [60] support this claim—
the authors assessed the impact of soil-turning treatments combined with undersown
grasses on the density and surface cover of Canadian goldenrod. They found a reduction
of approximately 42–96% and 40–94% in the density and surface cover, respectively, of
S. canadensis compared to the control. In another study [44], rototilling caused a significant
limitation of S. gigantea soil coverage by 60.0–97.5%, compared to the control, and prompted
the encroachment of grass and ruderal species, e.g., Festuca pratensis Huds., Vicia villosa
Roth., Artemisia vulgaris L., and Scrophularia nodosa L.

5. Conclusions

The results of our work present the efficacy of mechanical treatments of varying
intensity in controlling invasive goldenrods, as well as their impact on the vegetative and
generative development of goldenrods, providing new information in these areas.

The application of all of the examined treatments for restoring fallow land to renewed
agricultural use—i.e., one-time mowing, two-time mowing, one-time mowing with one-
time rotary tiller treatment, and one-time mowing with two-time rotary tiller treatment—
delayed the developmental stages of goldenrods compared to the control treatment. The
elimination of invasive goldenrods through a combination of one-time mowing with one-
time rotary tiller treatment was less effective at delaying the self-renewal of plants, whereas
one-time mowing had the least impact on that process. Contrarily, the two-time mowing
and the one-time mowing combined with two-time rotary tiller treatments caused the
largest reduction in the share of Solidago spp. individuals in generative stages, especially
the stage of fruiting and shedding of achenes. Moreover, the two-time mowing and
one-time mowing with two-time rotary tiller treatments resulted in greater limitation of
aboveground biomass accumulation, the number of flowering shoots per unit of area, and
the length of inflorescences of goldenrods. For this reason, the proposed methods can be
considered to be sufficiently effective in restoring fallow lands to use, especially in the
initial stage of colonization by goldenrods, as well as in areas of natural value and wherever
the use of herbicides should be limited.
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