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SUMMARY 

Biological invasions are a worldwide phenomenon negatively altering biodiversity, 

ecosystem services, the local economy, as well as human health and wellbeing. Because of 

the substantial environmental impact of the biological invasions, the European Union 

Member States obligate to prevent introduction and control or eradicate the invasive species.  

My PhD dissertation consists of three, thematically coherent, research articles, 

published in journals listed in the Journal Citation Reports. The articles were aimed at 

drivers of invasion and the environmental effect of alien Solidago species, which are the 

most widespread invasive plants in Central Europe, ordinating in North America.  

In the first article (Perera et al. 2021a), I, with co-authors, evaluated the effectiveness 

of proxies of the PAB framework (propagule pressure (P), abiotic characteristics of the 

environment (A), and biotic characteristics of both the invader and recipient vegetation (B)) 

to explain the spatial pattern of Solidago gigantea Aiton and S. canadensis L. s.l. invasion 

in regional scale. Study area was Polish part of Carpathian Mountains and their foreground, 

the analyses were conducted using Species Distribution Models approach. Distributions of 

both species were limited climatically; however, the S. canadensis distribution pattern was 

mostly correlated with proxies of human pressure, whereas S. gigantea distribution was 

connected with environmental characteristics. Proxies of PAB are helpful in the choice of 

explanatory variables as well as the ecological interpretation of species distribution models. 

The results emphasize that human activity can cause variation in the invasion pattern of 

ecologically similar species (Perera et al. 2021a). 

Second part of the research (Perera et al. 2021b) was focused on habitat resistance 

for plant species invasion. I, with co-authors, verify if community consisting fast-growing, 

high-biomass-producing grass species, which is typical of intensively maintained grasslands, 

is more resistant to goldenrods invasion than high-biodiversity, semi-natural grassland. For 

this purpose, three types of habitats were established: semi-natural meadow, low-

biodiversity, high productivity grass community and open soil (control). Then, in next year, 

three seedlings of alien goldenrods (S. canadensis, S. gigantea, and Euthamia graminifolia 

(L.) Nutt.) were introduced into the communities, and the experiment was run throughout 

two years. Results revealed that both created communities strongly reduced ramet numbers 

and height, as well as goldenrod biomass compared to the control. However, no differences 

were found between studied communities types, except that S. canadensis and E. 

graminifolia did not produce seeds in the community resembling species-rich meadow. It 



 
 

can be assumed that semi-natural, high-biodiversity meadows are reasonable alternatives to 

species-poor commercial grasslands to control goldenrod invasion in open landscape, as well 

as in city greenery (Perera et al. 2021b). 

The third article consisting the dissertation (Perera et al. 2022) describe the response 

of soil invertebrates assemblages on different methods of Solidago invaded land restoration. 

The field experiment, where various seed sources (sowing mixtures: grasses, grasses with 

legumes, seeds collected from the seminatural meadow, and applying of fresh hay), and the 

different frequency of mowing (1, 2 and 3 times per year), was established. Next year after 

experiment establishment, soil samples were taken in four terms, and mesofauna was 

extracted using the Tullgren funnels method. Results revealed that high mowing intensity 

negatively influenced soil invertebrates. Mowing twice a season decreased the abundance of 

mesofauna taxa occurrence, but not their diversity. Considering the seed mixture effects, the 

plots where grasses with legumes were sown, were the most suitable for the most soil 

mesofauna taxa. Mowing once per year and sowing grasses with legumes is the most 

convenient for the soil mesofauna abundance among studied restoration strategies (Perera et 

al. 2022). 

 The PhD dissertation answered the raised hypotheses and questions, particularly 

showing the possibility of applying the PAB framework drivers to explain the pattern of 

invasive Solidago distribution; underlying the role of habitat resistance in control of 

goldenrod spreading; defining the management methods friendly for soil invertebrates in 

process of land reclamation. 

 

Perera PCD, Szymura TH, Zając A, Chmolowska D, Szymura M. 2021a. Drivers of Solidago species 

invasion in Central Europe - Case study in the landscape of the Carpathian Mountains and their 

foreground. Ecology and Evolution 11(18), 12429-12444. DOI: 10.1002/ece3.7989 

Perera PCD, Szymura TH, de Patoul L, Sladkovska T, Szymura M. 2021b. A community resembling 

seminatural meadow is as resistant to goldenrod invasion as highly productive commercial grassland. 

Management of Biological Invasions 12(4), 873–885, https://doi.org/10.3391/mbi.2021.12.4.07 

Perera PCD, Gruss I, Twardowski J, Chmielowiec C, Szymura M, Szymura TH. 2022. The impact 

of restoration methods for Solidago-invaded land on soil invertebrates. Scientific reports.12(1), 1-

10.| https://doi.org/10.1038/s41598-022-20812-5. 



 
 

STRESZCZENIE 

Inwazje biologiczne są zjawiskiem ogólnoświatowym, wpływającym negatywnie na 

bioróżnorodność, usługi ekosystemowe, lokalną ekonomię oraz zdrowie i samopoczucie 

ludzi. Ze względu na silny wpływ środowiskowy inwazji biologicznych, państwa 

członkowskie Unii Europejskiej są zobligowane do zapobiegania introdukcji oraz kontroli 

lub zwalczania gatunków inwazyjnych.  

Moja praca doktorska składa się z trzech, jednolitych tematycznie artykułów 

naukowych, opublikowanych w czasopismach wymienionych w Journal Citation Reports. 

Artykuły dotyczą czynników warunkujących inwazję oraz wpływ na środowisko obcych 

gatunków Solidago, które są najbardziej rozpowszechnionymi roślinami inwazyjnymi w 

Europie Środkowej, pochodzącymi z Ameryki Północnej. 

W pierwszym artykule (Perera i in. 2021a), wraz ze współautorami oceniłem 

efektywność grup czynników składających się na koncepcję PAB (presji diaspor (P), 

czynników abiotycznych środowiska (A) oraz charakterystyki elementów biotycznych, 

zarówno gatunku inwazyjnego, jak i roślinności miejscowej (B)), w wyjaśnieniu struktury 

przestrzennej inwazji nawłoci późnej Solidago gigantea Aiton i nawłoci kanadyjskiej S. 

canadensis L. s.l. w skali regionalnej. Jako miejsce analiz wybrałem polską część Karpat i 

ich przedgórze, a jako metodę analiz zastosowałem podejście oparte na modelach 

rozmieszczenia gatunków. Rozmieszczenie obu gatunków jest ograniczone czynnikami 

klimatycznymi, lecz zasięg występowania S. canadensis jest silniej powiązany z czynnikami 

wynikającymi z presji człowieka, podczas gdy rozmieszczenie S. gigantea, z warunkami 

siedliskowymi. Wyniki podkreślają, że działalność człowieka może powodować zmienność 

we wzorcu inwazji podobnych pod względem ekologicznym gatunków (Perera i in. 2021a). 

Druga część badań (Perera i in. 2021b) była związana z analizą roli oporu środowiska 

w inwazji gatunków roślin inwazyjnych. Wraz z współautorami sprawdziliśmy czy 

zbiorowisko złożone z szybko rosnących, produkujących dużą biomasę gatunków traw, 

które są typowe dla intensywnie użytkowanych łąk jest bardziej odporne na inwazję nawłoci 

niż łąka półnatutralna o dużej bioróżnorodności. W tym celu zostały założone trzy typy 

siedlisk: wielogatunkowa łąka półnaturalna, ubogie gatunkowo, wysokoprodukcyjne 

zbiorowisko złożone z traw oraz brak zastosowania mieszanki nasion jako kontrola. 

Następnie, w kolejnym roku, trzy sadzonki obcych gatunków nawłoci (S. canadensis, S. 

gigantea, and Euthamia graminifolia (L.) Nutt.) zostały posadzone w utworzonych 

zbiorowiskach i eksperyment był prowadzony przez dwa lata. Wyniki wykazały, że obydwa 



 
 

utworzone zbiorowiska silnie ograniczyły liczbę i wysokość ramet wytworzonych przez 

nawłocie, a także ich biomasę w porównaniu z kontrolą. Jednakże nie wykazano różnic 

pomiędzy dwoma analizowanymi typami zbiorowisk, z wyjątkiem braku wytworzenia 

nasion przez S. canadensis i E. graminifolia w zbiorowisku przypominającym bogatą 

gatunkowo łąkę. W podsumowaniu można stwierdzić, że półnaturalne, bioróżnorodne łąki 

są odpowiednią alternatywą do ubogich gatunkowo, komercyjnych zbiorowisk trawistych w 

aspekcie kontroli inwazji w krajobrazie otwartym, a także w zieleni miejskiej (Perera i in. 

2021b). 

Trzeci artykuł wchodzący w skład rozprawy (Perera et al. 2022) opisuje reakcję 

zbiorowisk bezkręgowców glebowych na różne metody rekultywacji terenów dotkniętych 

inwazją Solidago. W tym celu został założony eksperyment polowy, w którym zastosowano 

różne źródła nasion (siew mieszanek: traw, traw z bobowatymi, nasion zebranych z łąki 

półnaturalnej, a także rozłożenie świeżego pokosu) oraz zróżnicowaną częstość koszenia (1, 

2 lub 3 razy w roku). W następnym roku po założeniu eksperymentu, pobrano próby  gleby 

w czterech terminach i dokonano ekstrakcji mezofauny glebowej za pomocą aparatu 

Tullgrena. Wyniki wskazują, że duża intensywność koszenia negatywnie wpływa na 

bezkręgowce glebowe. Koszenie dwukrotne w ciągu sezonu wpływa na zmniejszenie 

liczności występowania mezofauny, lecz nie na zróżnicowanie taksonów. Oceniając efekt 

zastosowania źródła nasion, poletka na których wysiano mieszankę traw z bobowatymi 

okazały się najbardziej odpowiednie dla większości taksonów mezofauny glebowej. 

Koszenie raz w roku i wysiew mieszanki nasion traw z roślinami bobowatymi jest 

najbardziej odpowiednią strategią rekultywacji pod względem liczności występowania 

mezofauny glebowej (Perera i in. 2022). 

 Rozprawa doktorska odpowiada na postawione hipotezy i pytania, szczególnie 

pokazując możliwość zastosowania koncepcji czynników PAB w wyjaśnieniu wzorca 

występowania inwazyjnych gatunków z rodzaju Solidago; podkreślając role oporu 

środowiska w kontroli rozprzestrzeniania się nawłoci; określając metody użytkowania 

przyjazne dla bezkręgowców glebowych w procesie odtwarzania siedlisk. 

 

Perera PCD, Szymura TH, Zając A, Chmolowska D, Szymura M. 2021a. Drivers of Solidago species 

invasion in Central Europe - Case study in the landscape of the Carpathian Mountains and their 

foreground. Ecology and Evolution 11(18), 12429-12444. DOI: 10.1002/ece3.7989. 



 
 

Perera PCD, Szymura TH, de Patoul L, Sladkovska T, Szymura M. 2021b. A community resembling 

seminatural meadow is as resistant to goldenrod invasion as highly productive commercial grassland. 

Management of Biological Invasions 12(4), 873–885, https://doi.org/10.3391/mbi.2021.12.4.07. 

Perera PCD, Gruss I, Twardowski J, Chmielowiec C, Szymura M, Szymura TH. 2022. The impact 

of restoration methods for Solidago-invaded land on soil invertebrates. Scientific reports.12(1), 1-

10.| https://doi.org/10.1038/s41598-022-20812-5. 
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Abstract 

Alien goldenrods (Solidago and Euthamia) invade improperly managed grasslands 

causing serious environmental problems. The general knowledge regarding habitat 

resistance against invasion does not allow predicting whether species-rich semi-

natural meadows or highly productive artificially sown grasslands are more resistant 

to invasion by goldenrods. To test the differences in resistance, an experiment was 

conducted. A community resembling a semi-natural, species-rich meadow and a 

commercial grassland was created in containers in 2018 using seed mixes, with 

open soil serving as the control. Three goldenrod seedlings representing particular 

species (Solidago canadensis L. s.l., S. gigantea Aiton, and Euthamia graminifolia 

(L.) Nutt.) were planted in the test containers with the different communites in 2019. 

The vegetation was cut once per year during the first and second years of the 

experiment. In September of the third year, the number of goldenrod ramets, the 

height of the tallest goldenrod ramet, and the flowering stage were measured and 

assessed. In addition, the dry biomass of goldenrods and accompanying species 

were weighed. The results showed no significant differences between total biomass 

production of the examined communities, except for E. graminifolia, for which 

species-rich meadow produced more biomass than the commercial grassland and 

control. Both communities strongly reduced ramet numbers and height and goldenrod 

biomass production compared to the control. No differences were found between 

these two vegetation types, except for the flowering stage of S. canadensis and 

E. graminifolia, which could not produce seeds in the species-rich meadow 

community. The results suggest that semi-natural, species-rich meadows are reasonable 

alternatives to species-poor commercial grasslands to control goldenrod invasion. 

Key words: biomass production, biotic resistance, competition, Euthamia graminifolia, 

invasive Solidago 

   

Introduction 

Under the so-called PAB framework, invasion by a plant species is driven 

by the level of propagule pressure (P), the suitability of the abiotic 

conditions (A) for a particular invader, and the biotic interactions (B) that 
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the invader may face in the resident plant community (Catford et al. 2009). 

With regard to the biotic interactions, successful invaders must overcome 

biotic resistance arising from the resident community, which can 

efficiently reduce the invasion success (Levine et al. 2004; Hui et al. 2016; 

Beaury et al. 2020). Such resistance can be easily overcome in situations of 

extreme habitat disturbance that cause vegetation destruction and/or 

resource fluctuations; therefore, the habitats that are the most vulnerable to 

invasion are disturbed human-created habitats, especially those dominated 

by annual plants (Chytrý et al. 2008). However, in the case of undisturbed 

vegetation or vegetation well adapted to disturbance, the invader must still 

face habitat resistance due to resident vegetation (Byers and Noonburg 

2003; Levine et al. 2004; Beaury et al. 2020). 

Habitat resistance has been intensively studied to find general rules that 

explain the differences between habitats in the number and/or proportion 

of alien species (e.g. Chytrý et al. 2008; Rejmánek et al. 2005; Levine et al. 

2004; Beaury et al. 2020). These differences can be explained by habitat 

characteristics, such as the availability of resources that resident plant species 

do not use, competitive ability of native species, allelopathy, presence of 

herbivores and pathogens, presence of disturbance, or composition of soil 

microbes (D’Antonio 1993; Lonsdale 1999; Shea and Chesson 2002; 

Rejmánek et al. 2005; Hierro et al. 2005; Dawson and Schrama 2016). 

Initially, species-rich habitats were assumed to be more resistant to 

invasions (Elton 1958; Lonsdale 1999; Mack et al. 2000; Shea and Chesson 

2002; Levine et al. 2004; Fridley et al. 2007; Oakley and Knox 2013). The 

low invasibility of species-rich communities could arise from the diversity 

of functional traits rather than simply from species richness (Díaz and 

Cabido 2001; Maron and Marler 2007; Hooper and Dukes 2010). This 

functional diversity leads to a higher probability that a community 

representing different traits can fill all available niches, and it correlates 

with greater complementary use of available resources (Tilman 2004; 

Pokorny et al. 2005; Frankow-Lindberg 2012; Schittko et al. 2014). In 

addition, the habitats producing more biomass tend to be more resistant to 

invasion due to the high use of available resources (Byun et al. 2018). 

However, the invasion processes are highly context dependent, and the 

general rules do not necessarily predict whether a habitat may be invaded 

by a particular invader (Chamberlain et al. 2014). Given a single invader, 

the vegetation would theoretically be more resistant if the plant 

community contains species with features close to the invader that enable 

successful competition with the invader. Additionally, dominant species 

and their traits may have a positive or negative impact on community 

resistance to invasion (Smith et al. 2004; Galland et al. 2019). 

Goldenrods of North American origin (Solidago canadensis L. s.l., S. gigantea 

Aiton, and Euthamia graminifolia (L.) Nutt.) have invaded Europe, Asia, 

and Australia. The Solidago species are widespread, whereas E. graminifolia 
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occupies a restricted area, near the site of introduction (CABI 2020). They 

are fast-growing, highly competitive plants, producing high biomass 

(Weber 2000; Weber and Jakobs 2005; Szymura and Szymura 2015a, b, 

2016; Pal et al. 2020). In Central Europe, they can form dense stands, 

mostly on abandoned lands and unmaintained grasslands (Fenesi et al. 

2015; Czarniecka-Wiera et al. 2019, 2020). Their environmental impact is 

locally very strong, decreasing biodiversity at different trophic levels 

(plants, arthropods, birds), altering succession, and disturbing agriculture 

(Hejda et al. 2009; Moroń et al. 2009; Skórka et al. 2010; Bartha et al. 2014; 

Fenesi et al. 2015). Consequently, their population should be controlled in 

compliance with EU law regulations (European Community 2014). 

High-value habitat types that are endangered by the goldenrod invasion, 

particularly if improperly maintained, include semi-natural, species-rich 

meadows (Bartha et al. 2014; Czarniecka-Wiera et al. 2019). Grasslands 

serve provisioning ecosystem services, but they also contribute to non-

agricultural ecosystem services, such as water flow regulation, carbon 

storage, erosion control, climate mitigation, pollination, and cultural 

services (Hönigová et al. 2012; Villoslada et al. 2018; Bengtsson et al. 2019). 

Unfortunately, a decline of species-rich semi-natural meadows has been 

observed worldwide (Queiroz et al. 2014; Egoh et al. 2016). In Europe, over 

90% of the semi-natural grasslands have been lost since the 1930s (Eriksson 

et al. 2002; Bullock et al. 2007; Pe’er et al. 2014). The abandonment of 

maintenance, as well as maintenance intensification, could result into the 

conversion of semi-natural meadows into highly productive, but species-

poor grasslands. Considering the process of preventing goldenrod invasion, 

vegetation consisting of fast-growing species producing a high biomass 

could be resistant to goldenrod invasion owing to competitive interactions. 

This possibility implies that preserving such intensively used meadows is 

desirable for invasion control. However, given the broad range of 

ecosystem services provided by semi-natural meadows, their maintenance 

should be a priority. Additionally, species-rich, low-intensity grasslands are 

preferred in urban greenery because they increase the resilience of the 

ecosystem, enhance its ability to accumulate carbon and nitrogen (Onandia 

et al. 2019; Thompson and Kao-Kniffin 2019), and reduce the public cost 

for maintenance (Klaus 2013; Hedblom et al. 2017; Norton et al. 2019). 

Moreover, high plant diversity directly enhances human well-being and 

brings psychological benefits (Fuller et al. 2007; Hanski et al. 2012; 

Lachowycz and Jones 2013; Clark et al. 2014; Southon et al. 2018). 

Unfortunately, it can be assumed that in urban areas, where habitats are 

usually disturbed and rich in nutrients, plant invasion (e.g., goldenrods) 

may be facilitated by low-intensity maintenance such as a cutting regime of 

once or twice per year. 

The extent to which the species-rich vegetation desirable for sustainable 

development is resistant to Solidago invasion is unclear in comparison with 
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highly productive grasslands. Is there a trade-off between biodiversity and 

biomass production in terms of invasion resistance? We hypothesised that 

vegetation consisting of fast-growing, high-biomass-producing grass 

species, which is typical of intensively maintained grasslands, would be 

more competitive against invasive goldenrods than the species-rich 

vegetation that is characteristic of semi-natural meadows. In other words, 

we expected the vegetation typical of intensively maintained grasslands to 

be more resistant to goldenrod invasion. To test the hypothesis, we 

established an experiment and grew the plants for three years, and we then 

compared their biomass production, morphology, and flowering stages. 

Materials and methods 

The experiment was established in the Research and Teaching Station in 

Swojczyce belonging to Wrocław University of Environmental and Life 

Science, Wrocław, Poland (51°6 54 N; 17°7 42 E), at an altitude of 115 m. 

The average annual precipitation is 583 mm, and the annual temperature is 

around 9.0 °C (Dubicki et al. 2002). In the station, research on plant and 

animal production is conducted in an area of 260 ha. The experiment was 

placed in the teaching garden, where ornamental plants and grasses are 

grown. Representative photographs of the experiment are presented in the 

Supplementary material Photos 1–4. The experiment was established by 

using 70 × 40 cm containers, without bottoms, mounted in the soil 

(Anthropic Regosol, loamy sand texture, pH in H2O = 6.90; N = 0.52 g kg-1; 

P = 155.37 mg kg-1; K = 113.33 mg kg-1; Mg = 46.87 mg kg-1; C = 0.78%). In 

the containers, three types of habitat were created: a community resembling 

semi-natural meadow (meadow), a commercial grassland (grasses), and open 

soil as a control (control). Plant seeds for creating the habitats were 

introduced in May 2018. Commercial grassland was created using a seed 

mixture of four highly productive grasses (Poa pratensis, Lolium perenne, 

Festuca pratensis, Phleum pratense) typically used in intensively maintained 

meadows in Europe. The species-rich habitat (meadow) was created using 

a seed mixture of 37 herb and grass species typical of species-rich, semi-

natural meadows in Central Europe. The detailed composition of the seeds 

is given in Tables S1 and S2. The seeding rate was 4 g m-2 for both 

mixtures. In the next year, after the plant communities were successfully 

established, three goldenrod seedlings were planted in each container. In 

the control (open soil), weeds were removed before goldenrod planting. In 

total, 54 containers were used (3 habitat types × 3 goldenrod species × 

6 replications). The combination was placed in a completely randomized 

design (Figure S2, S3, S4). At the end of August in the first and second 

years of the experiment, all vegetation (created communities and 

goldenrods) was cut and biomass was removed (Figure S5). If required, the 

pots were additionally irrigated, but no fertiliser was used. 
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In the third year of the experiment (2020), the number of goldenrod 

ramets (ramets number) and the height of the tallest goldenrod ramet were 

measured on September 1. The flowering stages (0, only vegetative shoots; 

1, appearance of generative shoots or flower buds; 2, beginning of flowering 

(< 50% buds); 3, full flowering (> 50% buds); 4, late flowering (appearance 

of first seeds) and 5, seed set (> 50% seeds)) were assessed. Then, the plants 

were removed from the containers, gently washed, divided into above- and 

below-ground parts, dried, and weighed. Goldenrods and co-occurring 

plants were analysed separately. 

Statistical analyses 

Total dry biomass production, including biomass of goldenrods and other 

species (total biomass), exclusive biomass production of goldenrods 

(goldenrods biomass), and allocation of goldenrod biomass between 

above- and below-ground parts (goldenrods A/B ratio) were calculated. 

The significance of differences amongst habitats for studied traits was 

tested using the Kruskal–Wallis ANOVA by ranks with the Monte Carlo 

permutation. The Mann–Whitney test with Bonferroni correction was 

applied as a post hoc test. The analyses were conducted separately for each 

goldenrod species. All the analyses were done using R environment using 

STATS package (Mangiafico 2020). 

Results 

The total biomass produced in the containers varied widely, ranging from 

115.1 to 997.8 g dry weight. The median value was 364.25 g dry weight. No 

significant differences were found in total biomass between the examined 

communities except for E. graminifolia, where the community resembling 

semi-natural meadow (meadow) produced more biomass than the 

commercial grassland (grasses) and control (Figure 1, Table 1). However, 

the communities differed significantly in biomass produced exclusively by 

the goldenrods (goldenrod biomass) for all examined species (Figure 2, 

Table 1). The goldenrod biomass in mixtures was 20- to 30-fold lower 

(median value of goldenrod biomass 9.3 g dry weight) than in the control 

(median value 225.7 g dry weight). No differences were found for goldenrod 

A/B ratio across all species (Figure 3, Table 1). In addition to the lower 

biomass production, the goldenrods growing in mixtures also produced 

fewer ramets (N ramets) than in the control (Figure 4, Table 1). In the case 

of E. graminifolia and S. gigantea, the ramet height (height) in the semi-

natural meadow treatment was shorter than in the control (Figure 5, Table 1). 

Moreover, we observed significant differences in flowering phases between 

communities and control for E. graminifolia and S. canadensis (Figure 6, 

Table 1); these species did not produce seeds (reaching only the third stage 

of flowering) in the meadow community. Total biomass production of 

species other than Solidago in different communities is shown in Figure S1. 
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Table 1. R 2 and P) for goldenrod species (columns) grown in 

different communities, based on the differences in average values of examined traits (rows). 

 

Species E. graminifolia S. canadensis S. gigantea 

Traits 2 P 2 P 2 P 

Total biomass 8.78 0.012 3.55 0.169 3.17 0.205 

Goldenrod biomass 11.72 0.003 8.77 0.012 11.66 0.003 

Goldenrod A/B ratio 1.62 0.443 0.31 0.856 2.00 0.366 

Number of ramets 11.37 0.003 8.84 0.011 11.42 0.003 

Height 10.16 0.006 4.15 0.125 6.84 0.033 

Flowering 10.23 0.004 6.06 0.030 0.88 0.587 

 

Figure 1. Total biomass production of different communities. Median value (thick line), upper 

and lower quartiles (box), 1.5 IQR (whiskers) ranges, and outliers (black dots) are shown. 

 

Figure 2. Goldenrod biomass production of different communities. Median value (thick line), 

upper and lower quartiles (box), and 1.5 IQR (whiskers) ranges are shown. 
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Figure 3. Ratio of above to below-ground biomass of goldenrods in different communities. 

Median value (thick line), upper and lower quartiles (box), 1.5 IQR (whiskers) ranges, and outliers 

(black dots) are shown. 

 

Figure 4. Number of ramets produced by goldenrods in different communities. Median value 

(thick line), upper and lower quartiles (box), 1.5 IQR (whiskers) ranges, and outliers (black 

dots) are shown. 

Discussion 

Our results did not support the hypothesis that a community consisting of 

fast-growing, highly productive grass species is more resistant to goldenrod 

invasion than a species-rich community consisting of species typical of 

semi-natural meadows. No significant differences were found between these 

two communities in goldenrod biomass production. Similarly, no differences 
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Figure 5. Height of ramets produced by goldenrods in different communities. Median value 

(thick line), upper and lower quartiles (box), 1.5 IQR (whiskers) ranges, and outliers (black 

dots) are shown. 

 

Figure 6. Flowering stages of goldenrods in different communities. Median value (thick line), 

upper and lower quartiles (box), 1.5 IQR (whiskers) ranges, and outliers (black dots) are shown. 

were observed between grasses and meadow communities in goldenrod 

biomass distributed into above- and below-ground parts. Nonetheless, the 

resident plant communities could strongly limit the growth of goldenrods, 

exhibiting significant habitat resistance against invasion. 

Surprisingly, the total biomass productivity of the grasses did not exceed 

the biomass production of the community resembling semi-natural meadow 

(meadow). However, our experiment was conducted under a low-frequency 
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mowing regime with a relatively late cutting term (August) and without 

any fertilizer application. Most probably, with typical maintenance of 

highly productive grasslands (Isselstein et al. 2005), which includes applying 

fertilizers, mowing the vegetation two to three times per year, and starting 

the mowing relatively early (May–June), the total productivity of the grass 

species mixture (grasses) would be higher than that of the meadow 

community. However, our study did not focus on a scenario of high biomass 

productivity, but rather on environment-friendly, low-intensity maintenance. 

All the studied invasive goldenrods are known to be strongly competitive 

species, which reduce the biomass production of native weeds and grasses 

when grown in a mixture (Szymura and Szymura 2016; Szymura et al. 

2018). The results of common garden experiments explained the patterns 

observed in the field. In particular, the number of vascular plant species is 

strongly reduced in dense stands of goldenrods (Fenesi et al. 2015; Hejda et 

al. 2009), and this reduction increases with the proportion of goldenrod in 

the vegetation (Moroń et al. 2019). The output of competitive interaction 

can be changed by the presence of disturbances such as mowing, which 

reduces above-ground biomass, particularly that of dominant species 

(Szépligeti et al. 2018). Typically, herbaceous plants are less resistant to 

mowing and grazing than grasses, which usually form a crown node near 

the ground, making it easier for them to endure frequent disturbances 

(Chapman 1996). In our experiment, when the goldenrods were introduced 

into a well-developed, relatively undisturbed vegetation under a low-mowing 

regime (once a year), the competitive ability of the invaders was reduced. 

The effect of competitive interactions between resident vegetation involves 

a wide spectrum of goldenrod growth and development: full biomass 

production, height, number of ramets, and flowering dynamics. Generally, 

in our experiment, the goldenrods growing in the control were heavier and 

taller, producing more ramets than those interacting with resident 

vegetation. The effect of resident vegetation on flowering dynamics was 

especially visible for E. graminifolia and S. canadensis. Successful sexual 

reproduction is ensured only when the plants reach the fourth and fifth 

stages of flowering, when the seeds appear. We dug up the plants in 

September, before the full development of the seeds; however, based on 

previous observations, if the plants are in the second or third stage of 

flowering in September, they do not develop mature seeds before the end 

of the growing season (Szymura and Szymura 2015b). Typically, goldenrod 

populations in a new range increase their size through vegetative regrowth. 

The seeds do not germinate in dense Solidago stands but instead contribute 

to long-term dispersal (Bartha et al. 2014; Fenesi et al. 2015). The results 

suggest that the species-rich community (meadow) and the highly 

productive grassland (grasses) in our experiment could not only affect the 

growth of goldenrods in situ but also effectively restrict the long-distance 

spread of E. graminifolia and S. canadensis under low-intensity maintenance. 
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Conclusions 

The results show that resident grassland vegetation, under a low-mowing 

regime, significantly reduced the growth of goldenrods invasive to Europe. 

We did not find a difference between vegetation formed by fast-growing, 

highly productive grass species and species-rich communities typical of 

semi-natural meadows. The results suggest that semi-natural grasslands, 

which can be used for high-quality hay production as well as species-rich 

urban grasslands, are as resistant to invasion as highly productive commercial 

grasslands. In short, there is no trade-off between biodiversity maintenance 

and goldenrod invasion resistance for extensively used grasslands. Therefore, 

high-value semi-natural meadows, as well species-rich urban grasslands 

with low-intensity maintenance, are reasonable alternatives to intensively 

maintained species-poor grasslands with regard to control of goldenrod 

invasion. Moreover, it can be assumed that a species-rich community will 

be more resistant to the potential invasion of another plant species because 

of high functional diversity. 
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Solidago

*

Solidago

Plant invasions have serious negative effects on ecosystems and species  diversity1,2 and can disrupt the linkages 
between the above- and belowground  communities3,4. Goldenrods (Solidago canadensis L. and Solidago gigantea 
Aiton.) are among the most widespread invasive alien plants in Central  Europe5. Invasive Solidago species can 
alter soil physicochemical properties (e.g., soil moisture, water holding capacity, organic carbon, total nitrogen 
content, available phosphorus, exchangeable cations) and cause biological changes in the soil (e.g., microbial bio-
mass, respiration rate, nitrogen mineralization, soil enzyme activities)2,6–8. Moreover, Solidago invasion has had 
negative consequences in communities of  springtails7,  nematodes9,  coleopterans10,11,  ants12–14, and  pollinators15.

"e ecological restoration of lands invaded by alien plants may use herbicides, mowing, burning, and labour-
intensive practices such as slashing or hand-felling and  harrowing16–18. However, herbicides negatively affect non-
target species and the belowground  community18,19. In addition, during restoration activities, seeding methods, 
seeding rates, and the use of a cover crop with native grasses respectively influence the disturbance, colonization, 
and nitrogen content of the  soil16,20. Either individually or in combination, multiple forms of control strategies, 
such as manual removal, periodic flooding, grazing, scalping, mowing, rototilling, different seeding methods, 
turf stripping, and the use of herbicides have been investigated in recent studies on the ecological restoration 
of Solidago-invaded  land20–22. Świerszcz et al. showed that herbicide (containing glyphosate) was beneficial for 
short-term eradication of invasive Solidago spp. and subsequent restoration of a  meadow21. However, a 6-year 
experiment by Szymura et al. showed that herbicides were not effective for long-term removal of Solidago spp.20. 
In their study, adding fresh hay and mowing twice per year represented the best practice for restoring old fields 
invaded by Solidago spp.

Soil invertebrates inhabit the upper layer of soil and include medium-sized organisms (0.2–2 mm), such as 
most of the Collembola, Acari, Protura, and Nematoda, among  others23. Soil invertebrates function as a com-
munity that supports major soil functions, such as the decomposition of organic matter and nutrient  cycling24. 

 *
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"us, changes in soil fauna, directly or indirectly, have impacts on soil functioning. Soil fauna communities and 
certain taxa or species serve as important indicators of soil  health25.

Plant species composition can alter soil ecosystems by changing the structure of the habitat and its abiotic 
 properties2,7. In addition, plant species composition can cause changes in soil invertebrate abundance and diver-
sity. For example, both grasses and legumes have a beneficial effect on the density and diversity of  Collembola26, 
while invasive plants reduce their  density7.

Many restoration practices mainly focus on the aboveground components of  ecosystems27. However, res-
toration ecology involves the integration of aboveground–belowground linkages, or plant–soil interactions, 
as well as the identification of effective intervention practices and the prediction of ecosystem  recovery3,27,28. 
Although the impact of Solidago spp. on belowground soil components such as soil invertebrates has not been 
well  documented7, it is known that soil microarthropods are sensitive to land management practices. For example, 
frequent mowing negatively affects soil organisms such as  nematodes29,  earthworms30, and  bacteria31. "erefore, 
soil invertebrates can be used as bioindicators of biological soil quality through assessment of their rapid response 
to any changes in the soil  environment32–34.

"e current study aimed to evaluate how Solidago control methods and the use of different seed mixtures 
affected soil invertebrates in Solidago-invaded stands undergoing land restoration. We hypothesized that the 
abundance and composition of different soil invertebrates collected from these stands would vary according to 
the type of restoration method. From a practical point of view, we aimed to identify a method that effectively 
removes Solidago, while maintaining high biodiversity and abundance of soil invertebrates.

"e experiment was conducted on abandoned former agricultural land dominated by invasive 
North American Solidago spp. (S. gigantea and S. canadensis), at an altitude of 118  m a.s.l. "e land is in a 
small river valley and is surrounded by suburban buildings and extensively used meadows in Wrocław, Poland 
(51°09 42.57 N, 17°06 43.97 E; elevation 116.4 m). "e soil type is Anthropic Regosol, loamy sand texture. "e 
mean annual temperature in the region is 9 °C, and the mean annual precipitation is 578.2 mm. Meteorological 
data for the period of 1968–2019 were obtained from the Agro- and Hydrometeorology Observatory in Swojc-
zyce, Wrocław (51°06 56.6 N, 17°08 29.4 E).

"e field experiment on Solidago species removal and land reclamation was 
established in April 2020. "e experiment used a 5 × 3 factorial arrangement in a completely randomized design 
with four replications, as shown in Fig. 1. "e four blocks, each containing 15 plots (2.5 × 2.5 m), were estab-
lished with a separation of 1 m from each other. "e entire experimental area was mowed, and the soil was then 
prepared for seeding, using a rototiller followed by a power harrow. A+er the area was seeded, it was compacted 
with a roller. Two experimental factors were used: (1) various methods of seed introduction and seed composi-
tion (sowing mixtures: grasses, grasses with legumes, seeds collected from the seminatural meadow, applica-
tion of fresh hay and without seed application) (Table 1), and (2) different frequencies of mowing (one, two, or 
three times per year). "e species composition of seed mixtures and fresh hay are presented in Supplementary 
Table S1. In both 2020 and 2021, the plots were mown according to the planned scheme: once (June), twice (June 
and August), or three times (June, August, and September).

A single sample of soil was collected from the centre of each plot 
with the use of a 10-cm-diameter circular sampler, at a depth of 10 cm in autumn (September 2020 and August 
2021), spring (April 2021), and summer (June 2021), respectively. "e samples were collected within 2 × 2 m 

Figure 1.  Experimental design based on sowing mixtures [grasses (G), grasses with legumes (L), seeds from the 
seminatural meadow (M), application of fresh hay (H), and control (C)] and mowing regimes [once (1), twice 
(2), and three times (3)].
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areas inside each experimental plot. "e soil samples were illuminated in Tullgren funnels (25 W light bulb) for 
24 h. Soil organisms extracted from the soil were kept in 75% alcohol until their identification according to taxa. 
"e soil organisms were identified according to the Soil Invertebrate Key of the Ecological Society of  America35.

"e richness and diversity indices of the total fauna communities were calculated. "e Shan-
non–Weaver index (H ) was calculated according to the following  formula36:

Table 1.  Various methods of seed introduction and composition ("e species composition of seed mixtures 
and fresh hay are presented in Supplementary Table S1).

Sowed mixtures Description

 

Conventional mixture of four grass species used for grassland establishment

 

Four grass species (the same used in the G mixture), along with two clover species

 

A mixture of 37 plant species typically occurring in seminatural grasslands. Rieger-Hofmann 
GmbH distributes the specialized seed mixture, which is produced using seed mixtures of native 
species with a controlled geographical origin

 

Fresh hay was collected at the Experimental Station of Wrocław University of Environmental and 
Life Sciences in Radomierz (50°54 15.1 N, 15°53 58.8 E), Silesia, Poland, Central Europe. "e 
station is located in the sub-mountain area, Kaczawskie Mountains. "e pastures are grazed for 
the entire growing season, and rotation pasturage is used, with sporadic mowing. During the field 
observation in June 2020, 47 species were observed. "e fresh hay was collected and spread in July 
2020

 

No seed application
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 where pi is the proportion of individuals belonging to the ith taxa and R is the total number of species. "e Pielou 
index (J) was calculated according to the  formula37:

where H  is the Shannon–Weaver index and S is the total number of species in a sample.
"e Margalef species richness index (D) was calculated according to the following  formula38:

where S is the total number of species in a sample and N is the total number of individuals in the sample.
Statistical analysis was done with SAS University Edition (version 9.0), using the generalized linear mixed 

model (GLMM) with repeated measurements. "e explanatory variables were mowing, seed introduction 
method, season, and their interactions. "e repeated factor was the season, and the random factor was the 
block. Significant differences between treatments were revealed using the Tukey HSD test (p ≤ 0.05). "e inver-
tebrate taxa were correlated with the environmental factors by using redundancy analysis (RDA) performed in 
Canoco 5.0. "e data were log-transformed before analysis. Only taxa that occurred in at least three samples 
were included in the analysis.

"e experimental research and field studies on plants, including the collection of plant 
material, complied with the relevant institutional, national, and international guidelines and legislation.

Both experimental factors, the seed composition and introduction method and 
the mowing regimes, significantly affected the soil invertebrates (Table 2). "e average number of all organisms 
was significantly higher in plots mowed once compared with plots mowed twice (Fig. 2A), and the diversity 
indices differed significantly between seed introduction methods (Table 2). "e number of taxa was higher in 
plots where the mixture of grass with legumes was sown (L), in comparison with control (C) and grass mix-
ture (G) plots (Fig. 2B). In addition, two diversity indices (Shannon Weaver and Margalef) showed that higher 
diversity was associated with legumes (L) relative to other treatments, particularly the use of grass species (G) 
(Fig.  2C,D). "e interactions of seed × mowing, seed × season, and mowing × season did not yield significant 
differences, while season significantly affected abundance, number of taxa, and both diversity indices (Table 2).

Among all factors, mowing had the greatest impact on the abundance of all soil inver-
tebrate taxa (Table 3). Mowing once positively affected Isopoda, Chilopoda, Oribatida, Gamasida, and adult 
Coleoptera abundance (Fig. 3A,B,C,D,H). Seed introduction methods significantly affected Diptera larvae and 
Coleoptera adults (Table 3). In both cases, the mean number of organisms was higher in plots where grasses with 
legumes (L) were sown compared with other seed mixtures (Fig. 3E,F), and there were no differences between 
other seed composition and introduction methods. "e differences in Nematoda abundance were significant for 
seed composition and introduction method, as well as season (Fig. 3G). Season was significant for all taxa except 
Diptera larvae (Table 3).

Redundancy analysis (Fig. 4) was used to compare the relative effects of mowing and the seed composition and 
introduction method on different taxa simultaneously (see the results of redundancy analysis in Supplementary 
Table S2). "e abundance of most of the soil invertebrate taxa had positive correlations with the grass with leg-
umes mixture and mowing once per season. "e abundance of a few taxa (Symphyla, Hemiptera) was positively 
associated with greater mowing frequency. "e effects of the seed introduction method were less distinct. Most 

H ′
= −

R∑

i=1

pi ln pi

J =

H ′

ln (S)

D =

S − 1

ln (N)

Table 2.  "e statistical summary of the effects of experimental treatments on the community indices of soil 
invertebrates. Bold values indicate significant effects.

Seed Mowing Season Seed × Mowing Seed × Season Mowing × Season

df

4 2 3 8 12 6

F p F p F p F p F p F p

Abundance 0.35 0.84 3.84 0.02 29.28  < 0.001 1.70 0.10 0.77 0.68 0.58 0.75

Number of taxa 3.45 0.01 2.95 0.06 57.43  < 0.001 0.94 0.49 1.04 0.42 1.99 0.07

Shannon–Weaver 2.73 0.03 0.13 0.87 9.24  < 0.001 0.82 0.59 1.35 0.19 0.41 0.87

Pielou 0.68 0.60 1.03 0.35 57.00  < 0.001 0.65 0.74 1.33 0.20 0.36 0.90

Margalef 2.88 0.02 0.72 0.49 8.08  < 0.001 0.86 0.55 0.32 0.34 1.75 0.11
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of the taxa (e.g., Isopoda, Collembola, Chilopoda) were positively oriented to the grass with legumes mixture 
(L), particularly in comparison with grass and the control.

Land restoration methods are o+en applied to large areas, and they should not only be effective but also safe for 
the  environment39. It is important to assess the risk related to the application of land restoration methods with 
regard to both the aboveground impacts and the belowground effects. A useful tool for assessing changes in the 
soil environment is the analysis of soil fauna occurrence and diversity. "e indicators based on soil fauna are 
related to soil functionality and further plant  growth40. Soil fauna mainly supports the decomposition of soil 
organic matter and affects the turnover of  nutrients41. "e presence of these organisms is closely related to the 
soil structure and the chemical properties of the soil, and any changes in soil conditions could have an impact 
on this group of  organisms42.

We found that high mowing frequency negatively affected soil fauna abundance. "is study tested three mow-
ing regimes (one, two, and three times a year) and revealed that mowing once per year positively affected soil 
fauna. "is finding is in line with the study of Zhao et al., in which nematode abundance decreased under more 
frequent mowing, from once per year (high intensity) to once every 6–12 years (low frequency)29. In addition, 
unmown meadows were more beneficial for earthworms relative to meadows mown once a  year30.

Van Eekeren et al. concluded that mowing without tillage is one of the best practices for restoring the soil 
micro-arthropods and ecosystem services in permanent  grasslands43. Mowing techniques (e.g., the type of mow-
ing heads and mower) can also have a considerable impact arthropod  fauna44,45. However, Hyvönen et al. found 

Figure 2.  "e effects of mowing and seed introduction methods on the community indices of soil invertebrates 
and their demographic responses. "e different lowercase letters indicate significant differences between 
treatments, p ≤ 0.05.
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that mown meadows had higher abundances of pollinators such as bumblebees and  honeybees30. "e effect of 
mowing on the belowground ecosystem is generally unknown and needs further study. We suggest that mow-
ing indirectly affects soil fauna through changes in soil conditions. Soil fauna is closely related to soil functions 
and microbial  activity46, and mowing negatively affects soil conditions, such as temperature, moisture, and 
carbon  sequestration47, as well as microbial  activity31. In a study in Mongolia, the mowing of grasslands had an 
extreme effect on the upper soil layer, as shown by a 4 °C increase in the soil temperature and a 47% decrease 
in the soil  moisture47. Such negative effects on soil conditions can further affect soil fauna. Although mowing is 
beneficial for maintaining grassland vegetation, we recommend limiting this treatment to avoid disrupting the 
belowground ecosystem.

In our study, we removed the aboveground biomass during mowing, which may have reduced soil inverte-
brate abundance. Grass harvesting is the traditional way of grasslands management all over the world, which 
consequently causes biomass removal and reduction of the resources for  decomposers31,47. However, leaving the 
cuttings did not mitigate the negative effect of mowing on earthworms in comparison with non-mown  areas30. 
In addition, the thickness and origin of the litter can have an impact on the abundance of soil invertebrates such 
as springtails, nematodes, and  mites48,49. For instance, knotweed litter negatively affected Collembola, because 
of its extended decomposition time and slower nutrient release compared with native  species48.

"e current study also described a direct influence between seasons and soil invertebrates, and seasonal 
reliance on plant community characteristics was associated with the soil invertebrate community. In particular, 
Collembola abundance changed during the season, which may have been related to the sensitivity of those 
organisms to soil moisture and  temperature50. "e seasonal changes in earthworm communities in grassland 
ecosystem were previously explained by the availability and quality of organic resources during each season, 
which is the probable explanation for similar observations in our  study51.

According to Eisenhauer et al. and Hyvönen et al., the presence of various plant functional groups differen-
tially affects the densities of particular soil invertebrates and their consistency over  time30,51,52. Moreover, ample 
evidence indicates that legumes have positive effects on ecosystem  functioning53,54. "e cultivation of legumes 
improves the soil nitrogen level and primary productivity, as well as carbon  sequestration53. In addition, legumes 
increase the bacterial activity in the  soil55 and enhance the complexity of the trophic links in the soil food  web56. 
Legumes’ ability to create specific root systems can also change the diversity of soil  fauna57. Furthermore, the 
introduction of legumes can increase ecosystem resistance to plant  invasion58. In the present study, the introduc-
tion of legumes with grass seeds positively affected soil invertebrates’ abundance and diversity, which accorded 
with the findings of previous  research59–62. "e results also showed that the introduction of grass only or no 
introduction of seeds (control) was not beneficial for soil fauna.

Study findings indicated that both mowing and aboveground plant diversity significantly affected soil fauna. 
"ese effects have several possible explanations, and further research is needed to test them. "e most probable 
explanation is that changes in soil conditions had an indirect effect on soil fauna. Nevertheless, the soil fauna is 
an effective indicator of grassland management and restoration success.

Our results demonstrate that a greater intensity of mowing has a negative impact on soil organisms. Mowing twice 
a season decreased the abundance of invertebrate taxa. "e application of a seed mixture of grass with legumes 
increased the diversity of soil invertebrates compared with other seed composition and introduction methods. 
"e mixture of legumes and grass seeds was also beneficial for the abundance of most invertebrate taxa. Mowing 
once a season and the introduction of a mixture of grasses with legumes constitute the most suitable method for 
restoring Solidago-invaded stands, while also maintaining soil invertebrate abundance.

Table 3.  "e statistical summary of the effects of experimental treatments and their interactions on 
abundance of the soil invertebrates. Bold values indicate significant effects.

Soil Invertebrates Seed Mowing Season Seed × Mowing Seed × Season Mowing × Season

df

4 2 3 8 12 6

F p F p F p F p F p F p

Astigmata 1.15 0.33 0.24 0.79 6.22 < 0.001 0.84 0.57 1.33 0.20 0.70 0.65

Chilopoda 0.77 0.54 4.07 0.02 15.04 < 0.001 1.90 0.06 0.80 0.65 1.24 0.29

Collembola 0.60 0.66 2.12 0.12 31.02 < 0.001 1.66 0.11 1.03 0.43 0.68 0.66

Gamasida 1.06 0.38 0.81 0.45 45.31 < 0.001 2.58 0.01 0.71 0.74 1.05 0.39

Isopoda 1.23 0.30 3.36 0.04 10.32 < 0.001 0.77 0.63 1.01 0.44 2.05 0.06

Oribatida 0.79 0.53 3.47 0.03 18.84 < 0.001 0.35 0.94 0.63 0.82 1.95 0.07

Nematoda 1.71 0.15 0.17 0.85 14.11 < 0.001 1.10 0.37 2.60 0.00 0.67 0.68

Symphyla 1.63 0.17 0.05 0.95 15.18 < 0.001 1.56 0.14 0.65 0.80 1.73 0.12

Arachnida 0.40 0.81 0.33 0.72 8.74 < 0.001 0.95 0.48 0.54 0.89 0.80 0.57

Diptera larvae 4.02 0.00 0.16 0.85 4.33 0.055 0.57 0.80 1.05 0.40 1.68 0.13

Coleoptera adult 2.91 0.02 3.44 0.03 11.76 < 0.001 0.37 0.94 0.72 0.73 0.90 0.49

Coleoptera larvae 1.27 0.28 0.43 0.65 8.82 < 0.001 0.71 0.68 0.43 0.95 0.25 0.96
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Figure 3.  "e effects of mowing and seed introduction methods, as well as their interactions, on the abundance 
of taxa. "e different lowercase letters indicate significant differences between treatments; mowing regimes (A–
D) and seed introduction method (E,F), p ≤ 0.05. "e significance of differences is shown within the particular 
groups: (G) season and (H) seed introduction method, p ≤ 0.05.
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"e data that support the findings of this study are available from the corresponding author upon request.
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