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Abstract
1.	 Alien plant invasions are a recognised threat to biodiversity. Although experimen-

tal evidence remains limited, their success may be reduced by parasitic plants, 
which have been proposed as promising biocontrol agents.

2.	 We tested the effects of hemiparasitic Melampyrum arvense on Soligago gigantea 
and Symphyotrichum lanceolatum, clonal herbaceous species from North America, 
which are noxious invaders of European vegetation. In a multi-site, 4-year field 
experiment, we compared the effects of the hemiparasite presence combined 
with mowing and mowing alone to the unmown controls.

3.	 The experimental treatments significantly affected invasive hosts' cover, height 
and below-ground biomass. Mowing alone significantly reduced host growth; 
however, hemiparasites had a stronger effect, reducing median host cover from 
90% and 78% to 8% and 12% after 3 years in Solidago and Symphyotrichum, re-
spectively. Growth reduction was faster in Solidago than in Symphyotrichum under 
the same treatments. Hemiparasites also severely reduced the host's below-
ground biomass by more than 80% compared to the unmown treatment.

4.	 Mowing increased community diversity and species turnover, with significantly 
stronger effects when combined with hemiparasites. However, the increase in 
native grassland species was limited, likely due to a restricted local species pool.

5.	 Synthesis and applications. Melampyrum arvense was demonstrated as a biocontrol 
tool suitable for containing two harmful invasive species. After the suppression of 
the invaders, an additional introduction of native species by seeding or green-hay 
transfer could facilitate community restoration.
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1  |  INTRODUCTION

Biodiversity loss is a key aspect of global change, threatening natural 
ecosystems and disrupting ecosystem services (Bacher et al., 2023). 
Invasive alien plant species are one of the major drivers of biodi-
versity loss, displacing native species and disrupting ecosystem 
functions (Pyšek et al., 2004). They alter habitats by outcompeting 
natives, modifying nutrient cycling, increasing productivity, and 
causing social and economic damage, including resource insecurity, 
health risks, reduced land value and loss of recreational and aes-
thetic values (Bacher et  al., 2023; Pyšek & Richardson, 2010; Vilà 
et al., 2011). Various strategies can be used to manage invasive spe-
cies (Pergl et al., 2016). Complete eradication is ideal but typically 
feasible only in early stages or isolated sites with low reinvasion risk. 
Otherwise, it may require intensive effort and yield only temporary 
results. Tolerance may be necessary when invaders are widespread 
or resources are limited, even for harmful species. A commonly rec-
ommended compromise is a stratified approach—combining con-
tainment in priority natural areas with tolerance in less valuable 
sites, such as urban or synanthropic habitats. This allows for tar-
geted management and improved cost-efficiency, though continu-
ous effort is required due to reinvasion risk.

Among available control methods are mechanical approaches 
(e.g. topsoil removal), chemical control (herbicide application) and 
suppression through biocontrol. The latter builds on ecological the-
ories to exploit natural enemies such as predators, parasites and 
pathogens of invasive species. The success of invasive species is 
often linked to the absence of such enemies in the invaded area, as 
described by the Enemy Release Hypothesis (Maron & Vilà, 2001). 
This hypothesis underlies traditional biocontrol, which introduces 
specialist enemies from the invader's native range but carries risks of 
unintended consequences, including secondary invasions (de Clercq 
et al., 2011). In contrast, the Biotic Resistance Hypothesis (Levine & 
D'Antonio, 1999) proposes that invasive species may be constrained 
by antagonistic interactions with native generalist enemies, and 
specialist enemies are usually absent. Such interactions, mainly via 
herbivores and competitors, have been shown to reduce invasive 
plant abundance by limiting their establishment and vigour (Levine 
et al., 2004). Biocontrol based on the Biotic Resistance Hypothesis 
avoids introducing non-native species, can target expansive native 
species (Axmanová et al., 2024; Prach & Wade, 1992), and may cre-
ate novel biotic interactions with strong impacts due to disequilib-
rium dynamics and limited potential for resistance (Cogni, 2010).

Parasitic plants have recently been recognised as potential bi-
otic resistance agents in several studies across the globe (Těšitel 
et  al.,  2021). In Australia, Cassytha pubescens suppresses invasive 
shrubs such as Ulex europaeus, reducing biomass by up to 60%, 
while native species remain largely unaffected (Cirocco et al., 2017). 
Similarly, Cuscuta australis reduced invasive plant growth by up to 
40% in China and promoted native biodiversity (Yu et  al.,  2011). 
Central European hemiparasites have also shown low host specific-
ity and the ability to form functional haustoria on various invasive 
species, indicating biotic resistance potential (Knotková et al., 2024). 

The most comprehensive evidence for their biocontrol ability comes 
from multi-site experiments showing hemiparasitic Rhinanthus spp. 
suppress the expansive grass Calamagrostis epigejos, restore vege-
tation diversity and structure, and trigger turnover in arthropod 
communities in Europe (Těšitel et al., 2017, 2025). However, similar 
complex evidence for hemiparasites' biocontrol capacity on alien 
invasives, based on robust field experiments, vegetation monitor-
ing and comparisons to standard restoration management, such as 
mowing, is missing.

To address the knowledge gap in hemiparasite biocontrol ca-
pacity, we established a multi-site field experiment testing the ef-
fect of the hemiparasite Melampyrum arvense (Orobanchaceae) on 
plant communities invaded by the alien clonal perennials Solidago 
gigantea and Symphyotrichum lanceolatum (Asteraceae). We selected 
Melampyrum arvense based on previous studies demonstrating its 
ability to attach to the roots of both invaders (Knotková et al., 2024) 
and reduce their above-ground biomass in a pot experiment 
(Těšitelová et al., 2024). Over 4 years, we monitored vegetation com-
position, species cover and invader height in three treatments: mow-
ing, mowing combined with hemiparasite presence and unmown 
control plots. In the final year, we also assessed the viable below-
ground biomass of the invaders. Previous studies paid no attention 
to the level of damage to the below-ground storage organs, which 
are crucial for plant survival. We hypothesized that the hemiparasite 
would have a stronger suppressive effect on the invaders' above-
ground and below-ground biomass than mowing alone, with a partic-
ularly pronounced reduction in below-ground biomass. Additionally, 
we expected that hemiparasites' presence would alter plant commu-
nity composition by increasing species diversity and facilitating the 
recovery and dominance of native species.

2  | MATERIALS AND METHODS

2.1  |  Study species

Solidago gigantea and Symphyotrichum lanceolatum are tall peren-
nials native to North America (Pyšek et al., 2012). They were in-
troduced to Europe in the 19th century (Jedlička & Prach, 2006; 
Weber & Jakobs, 2005). Both species are considered transformer 
invaders, causing significant ecosystem change and biodiversity 
decline, and are classified as invasive species with a massive en-
vironmental impact (category BL2; Cubino et  al.,  2022; Hejda 
et  al.,  2021; Pergl et  al.,  2016; Richardson et  al.,  2000). They 
are spread by wind-dispersed seeds and underground rhizomes 
(Jedlička & Prach, 2006; Weber & Jakobs, 2005). Rhizomes grow 
in autumn and produce shoots each spring, with Solidago flowering 
in late summer and Symphyotrichum in autumn, while all above-
ground biomass dies back in autumn (Schmid & Bazzaz,  1987). 
They typically colonize moist, nutrient-rich habitats such as wet-
lands, brownfields, old fields and disturbed meadows in Europe 
(Pyšek et  al.,  2012; Weber & Jakobs,  2005). Both species can 
be suppressed by regular ploughing or herbicides, though these 



3516  |    KNOTKOVÁ et al.

methods harm native species and are unsuitable for conservation 
sites (Szymura et al., 2022). Long-term control through mowing or 
grazing—optionally combined with topsoil removal, flooding and 
seeding of native species—reduces Solidago dominance and en-
hances biodiversity (Nagy et al., 2020; Szymura et al., 2022). For 
Symphyotrichum lanceolatum, empirical experience with conserva-
tion management is deficient.

Melampyrum arvense is an annual generalist hemiparasite attach-
ing to host root systems (Matthies, 2017). It is native to Europe (Pyšek 
et al., 2022), with a distribution from France to the Urals and from 
the Mediterranean to Southern Sweden and Finland. It is considered 
threatened in the northwestern part of its range (Grulich,  2017; 
Leimu,  2010). It predominantly grows on calcareous substrates in 
steppes and dry meadows, along roadsides, in scrublands, and on 
field margins of warm regions (Těšitel et al., 2015).

2.2  |  Experimental design

Experiments were established at six localities dominated by Solidago 
gigantea or Symphyotrichum lanceolatum in the southeastern Czech 
Republic in mid-June 2020 and continued to 2023. Soil pH at the 
study sites ranged from moderately acidic to slightly alkaline, with 
values between 6.2 and 7.5 (Data S1). At each site, we established 
four to eight experimental blocks. Each block consisted of three plots 
with the following treatments: Unmown (control), Mown (mowing 
with biomass removal twice a year—in late July and October), and 
Mown + Melampyrum (mowing twice a year plus Melampyrum sown 
in the first autumn). Altogether, we established 66 plots for Solidago 
and 54 plots for Symphyotrichum. The plots were 1.5 m × 1.5 m big 
(except for 1 m × 1 m plots at one site), separated by 1 m gaps. The 
treatments were applied on a broader area (0.25 m in each direction) 
to avoid edge effects. We thank the landowners and managers for 
access to the study sites: Lesy České republiky, the municipality of 
Kostice, the Czech Society for Ornithology, the Pálava PLA, and the 
Podyjí NP. We also thank the Podyjí NP Administration for research 
permission (permit no. NPP 1513/2019).

Melampyrum seeds were sourced from Liščí kopec near Sedlec, 
Czech Republic (GPS: 48°45′47.6″N, 16°42″32.6″ E), and Havranické 
vřesoviště in the National Park Podyjí near Havraníky, Czech 
Republic (48°48′52.7″N, 16°0″6.3″ E). Whole plants with ripening 
seeds were collected in July 2020 (and 2021) and dried. Seeds re-
leased from capsules were collected and stored at room tempera-
ture. 300 seeds per 1 m2 were sown onto the Mown + Melampyrum 
treatment plots. Sowing was done in October 2020. Plots with 
less than 30% Melampyrum cover in June 2021 were reseeded in 
October 2021 (Data S1). Before sowing, plots were raked to remove 
litter and ensure seed-soil contact. Mown plots received the same 
raking treatment as the Mown + Melampyrum plots.

We monitored the percentual cover of the target invasive spe-
cies (further called ‘hosts’), host height (mean height of host plants 
in a plot), and vegetation composition recorded with the Braun-
Blanquet cover-abundance scale (Dengler et  al.,  2008). Species 

richness (number of species) and Simpson diversity index were com-
puted from the vegetation data as univariate diversity measures. The 
monitoring started with baseline data collection before the onset 
of treatments and continued yearly in three consecutive seasons. 
As a result, these data come from a replicated before-after-control-
impact design, which is considered one of the strongest experimen-
tal designs allowing causal inference (Christie et al., 2019).

In mid-July 2023, in the final year of the experiment, we collected 
below-ground biomass of rhizomes and roots. Five samples were 
taken from each plot using soil cores (depth 10 cm; diameter 5 cm) 
at fixed positions arranged in a quincunx pattern. Living rhizomes 
and roots of the invasive species were extracted from the samples, 
washed, dried at 60°C and weighed. The resulting values of below-
ground host biomass were subsequently scaled to 1 m2 by dividing 
the mass by the number of cores (5) and their area size (π × 0.0252).

2.3  |  Statistical analysis

Analyses were conducted separately for each invasive species using 
identical analytical approaches. We used linear mixed-effect mod-
els to analyse experimental treatments’ effects on the hosts’ cover 
and height and community diversity indices. The models included 
treatment, time and their interaction as fixed effect terms. The in-
teraction term describing the differential temporal trends between 
treatments was indicative of treatment effect significance based on 
the repeated-measure structure of the data. We specified custom 
contrasts in the treatment factor to test the significance of regres-
sion coefficients for the comparisons Mown versus Unmown and 
Mown + Melampyrum versus Mown. The random effect term of the 
models included plot identity nested in the block, which was fur-
ther nested in the locality. Species richness was square-rooted to 
improve the homogeneity of variance and normality of the residuals. 
Other variables were not transformed because visual inspections of 
the residuals indicated satisfactory alignment with the linear model 
assumptions (normality of the residuals and homogeneity of vari-
ance). We also tried models with other data transformations (sqrt 
and log) in these models, but none of them matched the assump-
tions better than the current models. The below-ground biomass 
data were only collected at the end of the experiment. Therefore, we 
used a simplified model structure containing only the treatment as a 
single fixed effect predictor and block identity nested in the locality 
as a random effect. Below-ground biomass data were square-rooted 
before analysis. Post hoc comparisons between the treatment lev-
els were based on a t-test of the respective regression coefficients 
(significance) and on computing Cohen's d standardised difference 
(effect size), which was computed for temporal trends in the case of 
interactive effects or for main effects on host underground biomass.

Community composition was analysed using distance-based 
redundancy analyses (RDAs) based on square-rooted Bray–Curtis 
dissimilarity. Species cover data were log (x + 1) transformed before 
analysis. The effects of the experimental treatments were tested 
by a Monte–Carlo permutation test with a split-plot design and 999 
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permutations. Their significance was determined as the significance 
of conditional effects of dummy-coded treatment × time terms in 
the RDAs, where blocks at individual localities and treatment and 
time main effects were included as covariates. See Data S3 for full 
details of the RDA analyses.

All analyses were conducted in R (version 4.4.2; R Core 
Team,  2024). Mixed-effect and multivariate models were fitted 
in packages nlme (version 3.1; Pinheiro et  al.,  2024) and vegan 
(Oksanen et al., 2024), respectively. Effect sizes were computed in 
package emmeans (Lenth, 2024). All data used in the analyses are 
publicly available from Zenodo (Knotková et al., 2025; https://​doi.​
org/​10.​5281/​zenodo.​16541333).

3  |  RESULTS

3.1  |  Effect of mowing and Melampyrum 
on the hosts

Melampyrum was established in all sown plots (Mown + Melampyrum 
treatment), with cover ranging from 2% to 50% in the first year. 
Over time, Melampyrum cover mainly increased, and seeds naturally 

dispersed into the surrounding areas. In the third year of the experi-
ment, it also started expanding in the Mown treatment (Data S2).

Over the 4-year experimental period, the cover and height 
of Solidago remained stable in the Unmown control (Figure  1a,b). 
Mowing significantly reduced both cover and height compared to 
Unmown control plots (Table 1; Figure 1a,b). Further significant re-
ductions were observed under the Mown + Melampyrum treatment 
(Table 1; Figure 1a,b). In Symphyotrichum, the observed effects were 
similar but slightly less pronounced than in Solidago (Figure 1c,d).

The experimental treatments had a significant effect on the 
below-ground biomass of both Solidago and Symphyotrichum 
(Table 1; Figure 2). The below-ground biomass values of both hosts 
were significantly lower under the Mown treatment compared to the 
Unmown control, and further lower under the Mown + Melampyrum 
treatment.

3.2  |  Effect of mowing and Melampyrum on 
vegetation diversity and composition

The tested treatments significantly affected the species rich-
ness and Simpson index over time (Table 1; Figure 3). The species 

F IGURE  1 Effects of experimental treatments on the cover and height of Solidago gigantea (a, b) and Symphyotrichum lanceolatum (c, d) 
over 4 years. Boxplots display medians, quartiles, and non-outlier ranges, with outliers as points. Vertical dashed lines indicate the start 
of treatments. Cohen's d values indicate standardised differences between the temporal trends of the treatments. p-values indicate the 
significance of the differences based on contrast t-tests. In the last year of the experiment, Melampyrum naturally spread into the Mown 
treatment (Data S2).
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Response Predictor df F-value p-value

Solidago gigantea

Cover Treatment 2,42 159.59 <0.0001

Time 1,183 169.68 <0.0001

Treatment × time 2,183 51.10 <0.0001

Height Treatment 2,42 134.23 <0.0001

Time 1,183 100.14 <0.0001

Treatment × time 2,183 30.62 <0.0001

Underground biomass Treatment 2,34 51.53 <0.0001

Species richness Treatment 2,42 19.25 <0.0001

Time 1,183 213.83 <0.0001

Treatment × time 2,183 39.45 <0.0001

Simpson index Treatment 2,42 39.70 <0.0001

Time 1,183 161.35 <0.0001

Treatment × time 2,183 33.04 <0.0001

Symphyotrichum lanceolatum

Cover Treatment 2,26 34.36 <0.0001

Time 1,135 129.62 <0.0001

Treatment × time 2,135 19.37 <0.0001

Height Treatment 2,26 32.64 <0.0001

Time 1,135 0.64 0.4247

Treatment × time 2,135 7.89 0.0006

Underground biomass Treatment 2,87 9.10 0.0019

Species richness Treatment 2,26 1.73 0.1968

Time 1,135 67.16 <0.0001

Treatment × time 2,135 12.54 <0.0001

Simpson index Treatment 2,26 5.87 0.0079

Time 1,135 128.53 <0.0001

Treatment × time 2,135 8.44 0.0004

TA B L E  1  Analysis of variance tables 
summarize the effects of experimental 
treatments on invaders, including cover, 
height, below-ground biomass, diversity 
and Simpson index.

F IGURE  2 Effects of experimental 
treatments on the below-ground biomass 
of invasive species (rhizomes and 
roots), collected in the final year of the 
experiment. Cohen's d values indicate 
standardized differences between 
the treatments. p-values indicate the 
significance of the differences based on 
contrast t-tests. Boxplots display medians, 
quartiles and non-outlier ranges, with 
outliers as points.
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richness remained stable for Solidago and Symphyotrichum in the 
Unmown control. However, the species richness increased sig-
nificantly for both Solidago and Symphyotrichum in the Mown 
treatment compared to Unmown controls, and further increased 
under the Mown + Melampyrum treatment (Figure 3a,c). Simpson's 
diversity index displayed similar trends. Its low values were sta-
ble in Solidago Unmown control plots, while a slightly increasing 
trend could be seen in Symphyotrichum controls (Figure 3b,d). In 
the Mown treatment, the Simpson index increased significantly 
in both Solidago and Symphyotrichum compared to Mown plots, 
and further increased under the Mown + Melampyrum treatment 
(Figure 3b,d).

Monte–Carlo permutation tests (999 permutations) of condi-
tional effects in distance-based RDAs revealed significant direc-
tional effects of the experimental treatments on the community 
composition in both Solidago- (Mown × time: pseudo-F = 2.35, 
p = 0.001, Mown + Melampyrum × time: pseudo-F = 7.02, p = 0.001) 
and Symphyotrichum-dominated stands (pseudo-F = 2.13, p = 0.017, 
Mown + Melampyrum × time: pseudo-F = 3.86, p = 0.001). This direc-
tional trend was largely based on the decline of the invasive spe-
cies and the relative increase of various common generalist species 
(Data S3).

4  | DISCUSSION

4.1  |  Suppressive effects of hemiparasites and 
mowing on the invaders

Results of our experiment demonstrate the strong suppressive ef-
fects of hemiparasitic Melampyrum arvense and mowing on both in-
vasive species. The combined effect of the two measures was drastic 
on Solidago gigantea and moderately strong on Symphyotrichum lan-
ceolatum abundance. In both cases, the suppressive effect of the 
hemiparasite was stronger than the mowing management alone 
(mowing twice per season), even though in the last year, Melampyrum 
escaped from the sown plots and partly colonised also the mown-
only plots at some of the research sites, likely due to myrmecochory 
(Figure 4). Ant-induced seed spread is difficult to avoid under natu-
ral conditions. This deviation in the experimental treatments likely 
affected host growth, reducing the contrast between Mown and 
Mown + Melampyrum treatments, potentially leading to an underes-
timation of the hemiparasite effect. However, treatment differences 
were significant in all parameters (Table 1).

Solidago is known to be relatively responsive to various man-
agement practices. Szymura et al.  (2022) demonstrated a gradual 

F IGURE  3 Effects of experimental treatments on Solidago gigantea (a, b) and Symphyotrichum lanceolatum (c, d) richness (a, b) and Simpson 
index (c, d) over 3 years. Cohen's d values indicate standardized differences between the temporal trends of the treatments. p-values 
indicate the significance of the differences based on contrast t-tests. Boxplots display medians, quartiles, and non-outlier ranges, with 
outliers as points. Vertical dashed lines indicate the start of treatments.
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decline in its cover from nearly 100% to 25% over 6 years under 
regular mowing applied twice per season. A weak decline observed 
after 2 years of mowing in the same study is comparable to our re-
sults (approx. 20% reduction in mown plots after 2 years). However, 
mowing did not completely eradicate Solidago, even when com-
bined with an intense initial disturbance (Nagy et  al.,  2020; 
Szymura et  al.,  2022). While similar or stronger suppression of 
Solidago may be achieved through long-term cattle or sheep graz-
ing or flooding, these approaches require extended time and spe-
cific site conditions (Nagy et al., 2020). By contrast, Melampyrum 
reduced Solidago cover in established vegetation by nearly 90% 
within 2 years (Figure  1). Comparable suppression was observed 
in a pot experiment, where substantial biomass reduction oc-
curred after 1 year of cultivation (Těšitelová et al., 2024). Although 
Melampyrum is a generalist hemiparasite parasitizing various forbs 
(Knotková et al., 2024; Matthies, 2017), the fitness it achieves de-
pends on the host species, as host quality varies among species 
(Matthies,  2017). In a pot experiment (Těšitelová et  al.,  2024), 
Solidago was classified as a highly suitable host compared to the 
native species tested by Matthies (2017), which is also supported 
by thriving Melampyrum in Solidago-dominated stands in our ex-
periment (Data S2).

Symphyotrichum was classified as a moderately suitable host for 
Melampyrum, as reflected by lower parasite biomass and a reduction 
in host biomass by only one-third in a pot experiment (Těšitelová 
et al., 2024). Correspondingly, the suppressive effect of the Mown 
+ Melampyrum treatment was more gradual than that observed for 
Solidago, resulting in a 70% cover decline after 3 years (Figure  1). 
Nevertheless, the effect of Melampyrum remained substantially 
stronger than mowing alone, which led to only a 43% reduction 
(Figure  1). Despite the widespread invasion of Symphyotrichum 
across Europe (Axmanová et  al.,  2021) and its documented nega-
tive impacts on vegetation (Hejda et  al.,  2021; Lanta et  al.,  2022; 
Pergl et al., 2016), field studies evaluating management options have 

focused exclusively on drastic measures such as herbicide applica-
tion or regular tillage (Chmielewski & Semple, 2001).

The effect of the treatments was even more pronounced below-
ground. Root and rhizome biomass of both invaders was reduced by 
nearly 50% by mowing alone (Figure 2). A similar effect of mowing 
was reported for invasive Solidago altissima (Stoll et  al.,  1998) and 
was attributed to the limited production of new rhizomes (Meyer & 
Schmid, 1999a). Clonal plants are generally adapted to disturbances 
of intermediate severity and frequency by storing carbohydrates 
in below-ground organs, which enables resprouting (Klimešová 
et  al.,  2021; Martínková et  al.,  2020). Regular disturbance (e.g. 
mowing or grazing) can gradually deplete these storage reserves 
(Bartušková et al., 2022), while hemiparasites impose additional re-
source stress. In our study, this combined pressure reduced below-
ground biomass by 90% in Solidago and 80% in Symphyotrichum 
relative to the Unmown plots. Clonal species are disproportionally 
more affected by parasitism, likely due to resource sharing through 
the rhizome network, which facilitates efficient hemiparasite ex-
ploitation (Demey et al., 2015; Mudrák & Lepš, 2010). Our study is 
the first to directly demonstrate the drastic effects on host rhizome 
biomass, correlating with the strong decline in above-ground cover. 
Similar levels of above-ground suppression by hemiparasites have 
been reported for Calamagrostis epigejos (Těšitel et  al.,  2025) and 
Carex acuta (Decleer et al., 2013), but without corresponding data 
on below-ground biomass. Our results show that after suppressing 
the above-ground growth, the studied invasive species do not per-
sist as below-ground rhizomes. This elimination of the storage and 
resprouting organs is crucial for the long-term suppression of clonal 
invaders.

4.2  | Hemiparasite's effects on diversity and native 
species abundance

Melampyrum presence increased community diversity and pro-
moted the abundance of numerous grassland species (e.g. Plantago 
lanceolata, Hypericum perforatum, Picris hieracioides; Data  S3). 
However, many of the supported species are not considered resto-
ration targets. For instance, Melampyrum promoted some compet-
itive grasses, consistent with its limited ability to parasitise grasses 
(Matthies,  2017). Various ruderal and early-successional species 
(e.g. Papaver rhoeas, Descurainia sophia, Carduus acanthoides), in-
cluding the invasive Erigeron annuus, increased in Melampyrum 
and/or mown plots (Data S3), likely colonising open space after the 
targeted invaders' decline. This suggests that additional measures 
may be needed to support the restoration of target communities. 
These measures may include seeding target species or green-
hay transfer to overcome the insufficiency of the seed bank and 
dispersal limitation. The same additional-measure requirement 
was used in a previous study, where mowing, herbicide, or me-
chanical disturbance was tested as a control measure for Solidago 
(Szymura et al., 2022). This contrasts with spontaneous commu-
nity recovery and the increase of target species observed after the 

F IGURE  4 Illustrative example of a block with treatments: 
Unmown (background), Mown, and Mown + Melampyrum 
(foreground). Buffer zones in transparent grey. Image from 2022 
(Year 2).
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suppression of Calamagrostis epigejos by Rhinanthus spp. (Galvánek 
et  al.,  2024; Těšitel et  al.,  2025). In contrast to our experimen-
tal sites, Calamagrostis frequently spreads to high-conservation-
value grasslands, where endangered species may persist for some 
time, even under its moderate Calamagrostis dominance (Somodi 
et al., 2018). While Solidago and Symphyotrichum can also invade 
such grasslands, they more commonly colonise disturbed sites of 
lower conservation value (Cubino et al., 2022; Hejda et al., 2021; 
Richardson et  al.,  2000). That was also the case at most of the 
research sites included in our study. These findings highlight the 
importance of ecological context when predicting community de-
velopment following restoration and considering the need for ad-
ditional measures, such as seeding or hay transfer.

4.3  | Melampyrum application, risks, and limitations

The suppression of both invaders by Melampyrum was strong and, 
for Solidago, even more effective than the effect of Rhinanthus on the 
expansive grass Calamagrostis epigejos (Těšitel et al., 2025). Notably, 
Rhinanthus has already been applied in ecological restoration in the 
Czech Republic (Lukavský, 2020). Melampyrum was efficient not only 
on dry sites matching its ecological preference but also on mesic, 
moist, and even occasionally flooded habitats. This broad habitat 
tolerance resembles Rhinanthus alectorolophus, which thrived on 
Calamagrostis epigejos even outside its optimal conditions. However, 
it declined following its host's decline (Galvánek et al., 2024; Těšitel 
et al., 2017).

The application of Melampyrum arvense in ecological resto-
ration by sowing is straightforward. Seeds must be sown in autumn 
to break dormancy through cold stratification (Matthies,  2017; 
Oesau,  1975). This procedure is similar to Rhinanthus applica-
tions; however, Melampyrum may germinate in autumn and over-
winter as a germinated seed (epicotyl dormancy; Oesau,  1975). 
Its larger seed size and earlier germination may reduce the sen-
sitivity of Melampyrum to spring drought, a known limiting fac-
tor for Rhinanthus establishment (Ameloot et  al.,  2006; Mudrák 
et al., 2014). Lower seed density may be sufficient (compare 300 
seeds m−2 used here to 500 seeds m−2 recommended for Rhinanthus; 
Mudrák et  al.,  2014). However, seed production in Melampyrum 
is challenging. Seeds are released continuously over an extended 
period, making harvest less efficient than in Rhinanthus (Hejduk S., 
personal communication 2025). Despite limited seed availability, 
Melampyrum remains a promising restoration tool thanks to its ef-
ficient short-distance myrmecochory (Winkler & Heinken, 2007). 
It can gradually spread across a site under suitable management, 
even when sown in small patches, as indicated by colonisation of 
mown-only plots in our experiment (Data S2). Late mowing (late 
July or August) may support Melampyrum seed production while 
suppressing the reproduction of Solidago and Symphyotrichum by 
cutting just before flowering (Meyer & Schmid, 1999b).

The use of Melampyrum arvense is generally safe from a 
human health perspective. Although it was formerly a weed 

in winter cereal fields, this is no longer an issue in modern ag-
riculture (Gislén,  1949). Moreover, long-distance dispersal from 
the restoration sites is very unlikely (Winkler & Heinken, 2007). 
Melampyrum arvense was also demonstrated to be positively as-
sociated with high vegetation diversity and generally missing from 
low-diversity vegetation (Fibich et al., 2017). However, concerns 
about potential negative biodiversity effects have been raised as 
Heer et al.  (2021) identified a negative correlation between high 
Melampyrum arvense cover (>ca 30%) and plant species richness. 
Nevertheless, the densities of Melampyrum arvense observed in 
the current study (Data  S2) exceeded this threshold only in the 
second year after sowing. Its density dropped below 30% the fol-
lowing year in approximately three-quarters of the plots. This in-
dicates a density-dependent relationship, likely driven by reduced 
host resources following the suppression of the invasive species 
(Data S2). This retreat appears to be slower than that observed for 
Rhinanthus alectorolophus after the suppression of Calamagrostis, 
where collapses of the hemiparasite population were observed 
(Galvánek et al., 2024; Těšitel et al., 2017). Long-term observation 
of sites restored using Melampyrum is currently lacking; however, 
this species may persist at restoration sites at lower densities, re-
sulting in sustained suppression of invasive species and preventing 
their resurgence.

5  |  CONCLUSIONS AND APPLICATIONS

Our research demonstrated hemiparasitic Melampyrum arvense as 
an efficient biotic resistance agent for two harmful plant invaders 
through suppressing their growth and both above- and below-ground 
biomass. The impact of Melampyrum was comparable with the most 
efficient current management practices for Solidago gigantea (graz-
ing, herbicides). For Symphyotrichum lanceolatum, Melampyrum pre-
sents the first empirical evidence-based management option. The 
observed reduction of host below-ground biomass undermines the 
invasive clonal host strategy and suggests that the biocontrol effect 
could persist in the long term. The use of Melampyrum must be com-
bined with mowing, which alone has only a limited impact on the 
suppression of the invaders. The introduction of target species by 
seeding or green-hay transfer of regional origin seems necessary for 
the efficient restoration of biodiversity in strongly impoverished, in-
vaded communities. The ability of Melampyrum to spread spontane-
ously via myrmecochory across the restoration site may promote the 
gradual restoration of larger areas and support its persistence, ena-
bling efficient local containment of invaders. Our research provides 
the most comprehensive evidence of the effects of biotic resistance 
in the suppression of selected plant invaders, promising great poten-
tial for practical application.
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