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ABSTRACT

Questions: One strategy to prevent invasive alien plant species from establishing during the restoration process is to early re-
introduce native communities. But can seeding a native herbaceous species mixture of local seeds reduce the establishment of an
invasive shrub such as Buddleja davidii? Specifically, we asked: (1) Does competition by native species reduce B. davidii perfor-
mance? (2) Is this competitive effect on B. davidii more important under higher seed densities? (3) Can it be partly attributed to
light competition? (4) How do priority effects moderate this competitive effect?

Location: Disturbed embankment, Isére, France.

Methods: We conducted experiments in controlled conditions, in mesocosms and in the field. We compared the performance of
B. davidii when seeded alone or in competition with local seeds, at different densities, when shaded or not and when sown before
or simultaneously with respect to native species.

Results: The seeding of a local seed mixture decreased the height, biomass and early-stage survival of Buddleja davidii. Whatever
the density, these results were consistent across all three experiments. Buddleja davidii's survival rate was reduced only under
the experimental conditions of high shading. When native species were sown after B. davidii, their competitive effect was very
low.

Conclusions: Buddleja davidii appears to be sensitive to competition during the early stages of its invasion, especially when
local seedlings benefit from a time advantage, regardless of their density. In restoration contexts, native species can prevent the
invasion of B. davidii if sowing is carried out as soon as possible.

1 | Introduction plants than to native ones (D'Antonio and Meyerson 2002;
Valladares et al. 2015). Disturbed conditions, for example, nu-
Invasion by alien plant species can be a major cause of reveg- trient release due to vegetation clearing or soil aeration, may

etation failure. Human-degraded environments may act as  favour alien species (Daehler 2003) and hinder the establish-
new habitats that are often more favourable to invasive alien ment of native species (Weidlich et al. 2020). Once established,

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2025 The Author(s). Applied Vegetation Science published by John Wiley & Sons Ltd on behalf of International Association for Vegetation Science.

Applied Vegetation Science, 2025; 28:€70025 1of 11
https://doi.org/10.1111/avsc.70025


https://doi.org/10.1111/avsc.70025
https://doi.org/10.1111/avsc.70025
mailto:
https://orcid.org/0000-0002-2840-3165
mailto:fanny.dommanget@inrae.fr
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Favsc.70025&domain=pdf&date_stamp=2025-05-10

invasive alien plant species are hard to remove, and can re-
quire costly management interventions (Diagne et al. 2021;
Novoa et al. 2021). The most cost-efficient strategy is there-
fore to prevent the establishment from occurring rather than
to remove already established populations of invasive species
(Simberloff et al. 2013).

One strategy to prevent invasive alien plant species from es-
tablishing and later dominating plant communities during the
restoration process is to proactively re-introduce competitive
native communities (Yannelli 2021). Competition is an import-
ant component of biotic resistance (Levine et al. 2004; Gurevitch
et al. 2011) and several mechanisms have been proposed to un-
derstand the underlying ecological processes. One common
mechanism is competition for resources, including competition
for light, whereby species competing for the same resource at the
same time may exclude each other (Tilman 1990). As a result of
this mechanism, the denser a plant community is, the more this
community will efficiently pre-empt resources and prevent the
establishment of later arriving species (Dommanget et al. 2019;
Thomas et al. 2024). Regarding invasive species prevention,
seeding native species can be an effective strategy for reducing
the success of undesired alien plant species and for attaining res-
toration goals in a cost-effective manner (Barr et al. 2017; Tarsa
et al. 2022). The use of local seeds of native species, that is, col-
lected within the vicinity of the transfer zones, would preserve
the original integrity of local flora (Dupré La Tour et al. 2020).
Seed density of native plants has been identified as a parame-
ter that can increase the invasion resistance of restored plant
communities (Hess et al. 2019; Byun et al. 2020). However,
the importance of the effects of seeding density can sometimes
be inconsistent (Thomas et al. 2024), and some studies report
minor seeding density effects on exotic species cover or biomass
(Tarsa et al. 2022).

In recent literature, another mechanism referred to as ‘prior-
ity effect’” has also been proposed, highlighting the particularly
important effect of time of arrival of native versus alien species
(Hess et al. 2019; Yannelli et al. 2020). Priority effects take place
when early-arriving species affect the establishment, survival,
growth or reproductive success of later-arriving species (Von
Gillhaussen et al. 2014). Invasive alien plants appear to particu-
larly benefit from their relative timing of arrival compared to na-
tive species, as they can form near-monocultures when arriving
earlier (Dickson et al. 2012; Hess et al. 2019). Conversely, when
natives are seeded first, invasive plants may persist but do not
manage to dominate (Wilsey et al. 2015; Stuble and Souza 2016).
In a restoration context, priority effects can take the form of a
race between selected native species and undesirable invasive
alien plants, and once understood can be utilised by ecologists
to initiate assemblage trajectories towards target reference com-
munities. Manipulating resource pre-emption through seed
density and relative timing of arrival (timing of seeding) offers
two approaches that can be used to support restoration (Hess
et al. 2019); however, their relative roles in invasion resistance
still need to be tested in real restoration contexts.

Buddleja davidii is a species native to China that has colonised
most temperate zones of the world and is widely present through-
out western Europe (Tallent-Halsell and Watt 2009). This shrub
species is listed in the TUCN Global Invasive Species Database

due to its capacity to develop in monospecific thickets exclud-
ing native species (Global Invasive Species Database 2023).
Production of numerous light seeds, a short juvenile period
and a high growth rate allow B. davidii to rapidly colonise new
locations and to gain a competitive advantage with respect to
native species in open disturbed sites (Campbell 1984). Few rec-
ommendations exist on methods to prevent B. davidii invasion.
Management advice for this species mainly consists of topping
the shrubs before the seeds mature to avoid their dispersal.
Eradication is very complicated because of the species’ regener-
ation capacity and seed bank. Prevention must thus be preferred
whenever possible. Competition with other species is recom-
mended in particular to prevent seedling regrowth (Tallent-
Halsell and Watt 2009), but more precise management strategies
for B. davidii are currently lacking in the literature, leaving land
managers clueless when faced with the arrival of this species.
Moreover, testing the competitive effect of native species on B.
davidii invasion represents to our knowledge a novel opportu-
nity to improve our understanding of the role of herbaceous
seedlings in managing the invasion of an alien shrub.

Here, we assessed the role of competition for resources in pre-
venting B. davidii establishment. More specifically, we investi-
gated the relative effects of seed density and timing of arrival of
native herbaceous species on B. davidii seedling establishment
and growth in the context of a real restoration experiment. Along
heavily remodelled riverbanks in a valley experiencing wide-
spread invasion by B. davidii, we conducted controlled experi-
ments aimed at better understanding the underlying processes
of B. davidii establishment and its prevention. In addition to our
field experiments, we utilised mesocosms and growth chambers
to address our research questions in a more controlled environ-
ment. We hypothesised that (i) B. davidii survival and growth
will be reduced under competition with native species; (ii) the
competitive effect of local seeds on B. davidii will be higher
under greater seed densities; (iii) the competitive effect of local
seeds on B. davidii is partly attributed to light competition; and
(iv) due to priority effect, the competitive effect of local seeds
on B. davidii will be reduced by later seeding. Finally, we dis-
cuss our results in the light of management practices intended
to cope with B. davidii invasion.

2 | Materials and Methods
2.1 | Overall Experimental Design

We tested the competitive effect of a local seed mixture of native
species on B. davidii recruitment (measured as the survival rate,
i.e., the number of seedlings that have been able to germinate and
survive in relation to the number of seeds sown [Eriksson and
Ehrlén 2008]) and growth. We conducted three complementary
experiments: (i) a controlled-conditions experimental design in
a growth chamber to test for competition with the local seed set
and focusing specifically on shading effect (‘growth chamber ex-
periment’); (ii) a mesocosm experiment testing for the sensitivity
of B. davidii to competition with a native species seed set through
two main mechanisms: density-dependent competition and pri-
ority effect (‘mesocosm experiment’) and (iii) a competition field
experiment aimed at getting closer to the conditions of applica-
tion by relying on a real context of ecological restoration (‘field
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experiment’). We used the same local seed mixture of native
plant species for all three experiments. The mixture came from
a producer specialised in local seeds (Phytosem, located in Gap,
France. The nomenclature used is that of the latest version of
the TAXREF repository used in France (Gargominy et al. 2022).
The seeds were ready to be sown, with no need for dormancy or
stratification. The mixture consisted of 10 local native species,
typical of the region's mesophytic grasslands (Appendix S1).
We decided to use this mixture given that is readily available
to managers, is more diversified than conventional commercial
seedlings and uses plants adapted to the study region.

2.2 | Studied Alien Species

Buddleja davidii (SCROPHULARIACEAE) is a perennial and semi-
deciduous shrub native to central and western China, growing
up to 3000m above sea level (Zhengyi and Raven 1996). It was
introduced as an ornamental plant to Europe, America, Australia
and New Zealand by horticulturists. However, B. davidii has
rapidly spread to open and disturbed natural and anthropised
environments, such as transportation corridors and urban waste-
lands among others (Tallent-Halsell and Watt 2009). It can grow
in isolation or in dense thickets. A single plant can cover an area
of 2-3 m? (Owen and Whiteway 1980; Watt et al. 2007), grow up
to 5m tall (Zhengyi and Raven 1996) and live for up to 40years
(Ebeling et al. 2008). It also has a high growth rate, that is, 0.5-2m
per year (Owen and Whiteway 1980; Watt et al. 2007) and can
reproduce both sexually and vegetatively via fragments of roots
or stems (Monty et al. 2015), allowing for a strong dispersal ca-
pacity. Flowers are grouped on terminal panicles 4-30cm long
(Leeuweberg 1979; Zhengyi and Raven 1996). A single plant can
produce millions of small-winged seeds (Campbell 1984) that are
dispersed by wind or water after being released from the capsules
of mother plants during dry periods (Campbell 1984; Miller 1987).
Germination rate has been reported to vary from 32% (Ebeling
et al. 2008) to more than 90% (Watt et al. 2010), depending on
water availability, temperature (Tallent-Halsell and Watt 2009)
and seed burial depth (Miller 1984).

Buddleja davidii seed material was collected next to the field
experiment (see ‘Field experiment’ section for coordinates). In
December 2018, we wrapped the panicles of 10 individuals in
fine cloth, with a 10m minimum distance between individuals
and returned to collect the seeds in early spring 2019. Seeds col-
lected from the different individuals were all pooled together.

2.3 | Growth Chamber Experiment

We tested the effect of competition on the recruitment and devel-
opment of B. davidii seedlings under controlled conditions. The
experiment took place from May to July 2019 in a growth cham-
ber (Percival, Select 41 L) in the following conditions: 16h at 25°C
in light and 8h at 15°C in dark, with an average humidity of 80%.

Five seeds of B. davidii were sown in 9 X 12.8 X 5-cm trays filled
with a mixture of two third potting soil and one third perlite.
Trays were watered manually every 2days. In half of the trays, a
local seed mixture of native species was sown (see Appendix S1
for seed composition) simultaneously to B. davidii at a density

of 15gm~2 (‘Competition’) and in the remaining half, B. davidii
was seeded alone (‘Control’). Seven weeks later, we calculated
the survival rate of B. davidii per tray as the number of living
seedlings divided by the number of planted seeds and measured
the height of each living B. davidii seedling. B. davidii seedlings
were then entirely collected (aerial and underground biomass),
oven-dried for 24h at 60°C and weighed. The total plant cover
of native species was also visually estimated to the nearest 5%.
Each modality (B. davidii alone or in competition with local
seed mix) was replicated 15 times. The experiment was repeated
three times, leading to 45 replicates in total.

In parallel, we tested for potential competition effects due to the
specific effect of shading of neighbouring species on the recruit-
ment of B. davidii. Here, five seeds of B. davidii were sown per
tray and allowed to germinate. Two light treatments were tested
using one or two layers of a horticultural shading-net (hereaf-
ter low’ and ‘high’, respectively); shading was 68%-77% with
one layer of shading net and 89%-90% with two layers (LI-250A
Light Meter Sensor, 2019 LI-COR Inc., Bad Homburg, Germany).
The two light treatments were replicated 16 times each. Survival
rate was calculated after 7weeks of growth and compared to the
previous no competition treatment (‘Control’).

2.4 | Mesocosm Experiment

We used the mesocosms experiment to cross-test two of our
hypotheses in a completely randomised factorial experimental
design: priority effects and local seeding density. Priority effects
were tested by sowing seeds at two different times: (i) B. davidii
was sown 6 weeks before local seeds (‘Bfirst’) and (ii) B. davidii
was sown simultaneously to local seeds (‘Sync’).

The experiment was carried out at the experimental garden
located in Gieres, France (45°11'59.5” N 5°46'23.6” E) within
the INRAE Grenoble research center situated at 200m above
sea level. The site receives about 77.9mm of rain per month,
about 172.2h of sunshine per month and has an average an-
nual temperature of 11.2°C (Grenoble-St Geoirs MeteoFrance
Meteorological Station, meteo.data.gouv.fr).

Fifteen-centimetre diameter and 17-cm deep cylindrical pots
were filled with a mixture of two-third potting soil and one
third perlite. Pots were watered twice a day for 15min to leave
the substrate moist during the entire experiment. This 6-week
interval was chosen to ensure a priority effect from the first B.
davidii leaf stage. To test for the local seeding density effect,
we applied two local seed density modalities: a low density of
15gm~2 (chosen in accordance with the density applied on the
restoration site for this seed mixture (Weissgerber et al. 2019);
‘Low’) and a high density of 30gm=2 (‘High’). We also car-
ried out a control treatment free of any interspecific compe-
tition (‘Control’), which consisted of sowing only B. davidii.
For all experiments, we used a constant density of 10-15 B.
davidii seeds, sown at 1cm depth, ensuring that at least one
seed would germinate per pot. Ten days after the first germi-
nation of B. davidii, the three most developed seedlings of B.
davidii were kept in all treatments in order to eliminate intra-
specific competition and to ensure that one seedling per pot
was able to develop. The five treatments of biotic environment
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(‘Low_Bfirst’, ‘High_Bfirst’, ‘Low_Sync’, ‘High_Sync’ and
‘Control’) were replicated 15 times each, leading to 75 pots
randomly placed in the experimental garden.

We carried out the following measurements 11weeks after
sowing B. davidii: total plant cover of the community of native
species (visual estimate in percentage) and height of B. davi-
dii seedlings (following Pérez-Harguindeguy et al. 2013). We
weighed the total dry biomass (aerial and root) of the most de-
veloped B. davidii seedling in each pot after 24 h at 60°C.

2.5 | Field Experiment

Lastly, we tested the effects of competition with native species
on B. davidii survival under field conditions, conducting a field
experiment within a construction area along the Romanche
River near Livet-et-Gavet (France, Isere Department) where
bare soil had been exposed. Construction-related excavation in
the area had led to exposed slopes, which were quickly colonised
by B. davidii, raising restoration issues. The site (45°1010.36"
N; 5°9063.70” E) is located 35km south of Grenoble, 650 m
above sea level and is situated between the Belledonne and the
Taillefer mountain ranges. It is a deep valley receiving lower sun
exposure and is overall colder than the experimental garden in
Giéres.

We carried out the experiment on a slope surface inside the
construction area, where we set up twelve 1-m? contiguous ran-
domly distributed plots along a rectangular grid. After plant re-
moval from excavation, the slope was covered in autumn 2018
by sediments extracted from an upstream dam (20 um median
diameter).

Half of the 12 replicates were seeded with the local seed mix (see
Appendix S1 for local seed composition) at a density of 30g~2
(hereafter ‘Competition’, the other half named ‘Control’) and all
12 plots were sown with B. davidii seeds at a density of 0.03g=2.
Seeds were planted on 23 March 2019.

Sixteen weeks after sowing, the following variables were mea-
sured in the central quadrats of 50 X50cm within each plot:
number of B. davidii seedlings and height of the three most de-
veloped ones, per cent cover of seeded native plants and sponta-
neously recruited species by visual estimation to the nearest 5%.

2.6 | Statistical Analyses

We quantified the effects of competition in growth chambers
on B. davidii individual height and biomass using generalised
linear mixed models with competition as a fixed factor, trays as
a random factor and B. davidii individual height and biomass
as response variables. We used a Gamma distribution with an
inverse link function as this method is adapted to continuous
positive variables. Analyses here were performed using the
LME4 package and glmer function (Bates et al. 2015). We tested
the effect of both shading and competition on B. davidii seedling
survival in the growth chamber using generalised linear mod-
els with a quasibinomial distribution and a logit link function
adapted to proportional data using the CAR package and glm

function (Fox and Weisberg 2019). We used seedling survival as
the response variable and shading as the explanatory variable
for a first test and biotic environment as the explanatory variable
for a second test.

The effect of biotic environment on B. davidii height and biomass
in mesocosms was tested using generalised linear models with
a Gamma distribution and an inverse link function as this ap-
proach is adapted to continuous positive variables with the same
approach as described for the growth chamber experiment. B.
davidii height and biomass were response variables and biotic
environment was the explanatory variable. We assessed the re-
lationship between native species biomass (in growth chamber)
or cover (in mesocosms) and B. davidii biomass using the same
modelling approach. B. davidii biomass was the response vari-
able and native species biomass or cover were the explanatory
variables.

For the field experiment, we tested for competition effects from
seeding of native species on B. davidii seedling number using a
generalised linear model. Given that variables were discrete and
non-negative, we applied a quasipoisson distribution with a log
link function using the CAR package and glm function (Fox and
Weisberg 2019) with B. davidii seedling number as the response
variable and biotic environment as the explanatory variable.
As no B. davidii seedlings were found under the competition
treatment in the field experiment, we were unable to carry out
a statistical test on B. davidii height or linking the latter to total
native plant species cover.

For all the models, the independence of residuals was visually
checked with the plotresid function from the RVAIDEMEMOIRE
package (Hervé 2022). For distributions other than Gamma, we
assessed the dispersion of residuals by dividing the model resid-
ual deviance by the model residual degrees of freedom. If below
1.5, the dispersion was considered to be acceptable (Hervé 2022).
The significance of explanatory factors in all models was tested
with a Wald Chi-square test using the CAR package and ANOVA
function (type="II’, (Fox and Weisberg 2019)). Post hoc tests
were performed using estimated marginal means with the EM-
MEANS package and emmeans function (Lenth 2023). Table 1
provides a summary of model structure and statistical methods
used for each of the three experiments.

All the analyses were conducted using R 4.2.2 (R Core
Team 2022).

3 | Results
3.1 | Growth Chamber Experiment

Competition significantly influenced both B. davidii height
(Table 1; Figure 1a) and biomass (Table 1; Figure 1b). Height in
the growth chamber was higher (2.5+0.2cm) when B. davidii
was sown alone than under competition (1.2 +0.1 cm). Buddleja
davidii also had higher biomass when sown alone (3.9+0.3g),
compared to under competition (0.5%0.1g). The relatively high
B. davidii survival rate (71% + 5%) was consistent and not influ-
enced by competition (Table 1; Figure 1c). Biomass of B. davidii
individuals varied between 0.2 and 1.5g, while total B. davidii
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FIGURE1 | Effects of competition by local seed mixture on seedlings of the invasive Buddleja davidii, as measured in height (a), biomass (b) and
survival rate (c) in the growth chamber experiment. ‘Competition’ indicates that B. davidii was sown in competition with native species and ‘Control’

that it was sown alone. Bars represent means and whiskers represent confidence interval (95%) based on standard deviation (generalised linear mod-

el; ***p <0.001; **p <0.01; *p <0.05; NS, p>0.05.).
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FIGURE 2 | Effect of light interception on Buddleja davidii survival
rate in the growth chamber experiment; ‘low’ and ‘high’ respectively in-
dicate that one (68%-77% of light intercepted) or two (89%-90% of light
intercepted) layers of shading net were used. Bars represent means and
whiskers represent confidence interval (95%) based on standard devia-
tion. Different letters above bars indicate a statistically significant dif-
ference among treatments according to post hoc tests based on estimat-
ed marginal means (p <0.05).

biomass per pot varied between 0.5 and 4.5g. Biomass of native
species varied between 180 and 600g per pot. We did not ob-
serve a significant effect of total native species biomass on in-
dividual B. davidii biomass (Table 1). High shading of 89%-90%

significantly reduced B. davidii survival rate by almost 10-fold,
whereas low shading did not significantly affect B. davidii sur-
vival rate (Table 1; Figure 2).

3.2 | Mesocosm Experiment

Biotic environment had a significant effect on B. davidii height
(Table 1; Figure 3a) and biomass (Table 1; Figure 3b). Buddleja
davidii individuals grew smaller when they were sown synchro-
nously with native species (1.71+0.11cm) compared to when
sown before (4.84+0.40), or when sown alone (4.73+0.49).
Buddleja davidii height did not show any difference between
high and low densities whether sown before or with native spe-
cies (Figure 3a). However, B. davidii exhibited the highest bio-
mass when sown alone in the control treatment (318.4 +39.8 mg)
and attained the second highest biomass when sown before
native species (127.1+19.1mg) and reached its lowest biomass
when sown simultaneously with native species (1.36 +£0.18 mg).
Buddleja davidii biomass did not show any difference between
high and low densities whether sown before or with native spe-
cies (Figure 3b). The relationship between native species cover
and B. davidii total biomass was not significant (Table 1).

3.3 | Field Experiment
Competition significantly reduced B. davidii seedling number

from 7.2+4.0 to zero (Table 1; Figure 4a). Surviving seedlings
measured 1.2+ 0.2cm (Figure 4b).
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FIGURE 4 | Effect of competition from local seed mixture on Buddleja davidii seedling number (a) and individual height (b) in the field ex-
periment. ‘Competition’ indicates that B. davidii was sown in competition with native species and ‘Control’ that it was sown alone. Bars represent
means and whiskers represent confidence interval (95%) based on standard deviation (generalised linear model; ***p <0.001; **p <0.01; *p <0.05; NS,
p>0.05.). No statistical test has been performed for height as there was no B. davidii in the competition plots.

4 | Discussion These results were consistent, whether the experiment was
performed in a growth chamber, in mesocosms or under field
4.1 | Effects of Native Seedlings on B. davidii conditions. The effect of seeding a native species mixture was

strong: B. davidii height was reduced by at least 50% in meso-
The seeding of a native species mixture of local seeds decreased cosms and the growth chamber; B. davidii biomass was reduced
the height, biomass and early-stage survival rate of B. davidii. by at least 75% in mesocosms and the growth chamber; and B.
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davidii survival was reduced to zero in the field experiment. Our
first hypothesis is therefore confirmed, which is consistent with
previous studies reporting that sowing native species can reduce
seedling survival (Corbin and D'’Antonio 2004; Bell et al. 2019)
or growth (Simmons 2005; Bell et al. 2019) of alien species.

4.2 | No Effect of the Density of Local Seeds

In contrast, our second hypothesis was not confirmed. Sowing
density did not significantly influence the competitive capacity
of native species as measured by B. davidii biomass or height.
Even when we tested the influence of percent cover of native
species on the biomass of B. davidii, there was no significant
effect, neither in the growth chamber nor in the mesocosm
experiment. Theoretically, the ability of a habitat to resist in-
vasion is thought to depend on the ratio of invasive and non-
invasive propagules (Holle and Simberloff 2005). In practice,
some experiments show that high native cover can negatively
affect the seedling establishment of alien species (Bakker and
Wilson 2004; Lulow 2006; Bell et al. 2019; Brisson et al. 2020;
Csakvari et al. 2023). For two of these experiments (Bakker
and Wilson 2004; Bell et al. 2019), the negative effect of native
cover on the alien species performance was asymptotic. In our
case, it is possible that the low-density seeding already induced
‘enough’ native biomass to effectively reduce B. davidii growth,
which could explain the absence of a seed density effect in our
experiments.

4.3 | Effects of Light Competition on the Survival
Rate of B. davidii Seedlings

Shading is one of the major processes inducing competition ef-
fects (Hautier et al. 2009). Here, we explored this process in the
growth chamber experiment. The results confirmed our third
hypothesis: B. davidii survival rate was not affected when 75% of
light was intercepted, but when 90% of light was intercepted, B.
davidii germination rate decreased by 10-fold. Our results indi-
cate that B. davidii survival is only affected when the amount of
light is greatly reduced. During the germination stage, B. davidii
can be considered shade-tolerant up to a limit ranging from 80%
to 100% of light filtration. Miller (1984) indeed found that B. da-
vidii germination did not depend on light but rather on tempera-
ture. This pattern has also been reported for other woody alien
plant species (Pepe et al. 2020). Here, we defined survival rate
after 7weeks as the result of germination success and seedling
emergence and survival. Our result might thus be explained by
a light-reduction effect on seedling survival rather than germi-
nation, in line with the findings of Zimmermann et al. (2017).
The results of the field experiment support this assumption, as
B. davidii was able to germinate in all plots, but in the end, indi-
viduals survived only in ‘control’ treatments.

In our experiments, B. davidii biomass was more affected by
competition than B. davidii height, which may be another in-
dicator of the importance of competition for light (Sher and
Marshall 2003; Dommanget 2014). Indeed, most plant species
can compensate for shading by growing longer stems in order to
gain height, a mechanism which in this case may have reduced
the magnitude of the height response to shading. B. davidii

responses to both competition and shading in our experiments
point to the importance of light competition as a key process me-
diating interactions with native plants. Our results underscore
the importance of rapidly establishing a dense cover of native
species to induce severe light depletion and very low B. davidii
seedling survival.

4.4 | Competition Between B. davidii and Native
Species Seeds Is Moderated by a Priority Effect

Competition was reduced when native species were sown after
B. davidii, which confirms our fourth hypothesis. This result
indicates that priority effects were moderating the competition
between B. davidii and native species. In other words, seeding
native species to reduce B. davidii invasion would be effective
only if native plants are sown just after the disturbance and be-
fore B. davidii emerges. Our results are consistent with an exper-
iment carried out on grassland species that showed that seeding
density was less important than the timing of sowing in reduc-
ing the biomass of studied species (Von Gillhaussen et al. 2014).
Species that emerge first likely use resources before their neigh-
bours (Schantz et al. 2015), thus increasing the occupation of the
environment (Satterthwaite 2007) and its resistance to invasions
(Shea and Chesson 2002). Moreover, the impact of the timing
of native species seeding on alien species also suggests that the
speed at which the seeding cover is established is likely a key
parameter affecting competition with shrubs such as B. davidii
(Hess et al. 2019; Yannelli et al. 2020). Indeed, the seedling stage
appears to be the most vulnerable time in the life cycle of B. da-
vidii, as is the case for most plants (Gioria et al. 2018). Once its
leaves are above the herbaceous cover, B. davidii can grow and
continue its reproduction and colonisation cycle and becomes
difficult to eradicate. Thus, the timing of sowing is one of the
parameters that can provide a priority to native species, as well
as species-specific functional traits such as speed of germina-
tion. If rapid seeding of native plants is used to reduce B. davidii,
particular attention should be paid to the germination and es-
tablishment traits of the sown species, which of course should
also be selected for their compatibility with the environmental
conditions of the disturbed site.

4.5 | Herbaceous Species Can Compete With a
Shrub at Seedling Stage

Selecting the most appropriate seeded species is important for
successful prevention of alien species establishment (Abella
et al. 2012). Some authors suggest that similar traits between
native and alien species would be more efficient to compete with
the invasive alien species (Funk et al. 2008; Yu et al. 2020), but
others suggest this rule is not applicable for in situ conservation
measures (Hess et al. 2020). Our results show that even herba-
ceous plant cover can be sufficient to prevent invasive shrub col-
onisation and growth. While there are indeed examples of the
failure of native herbaceous plants to compete with woody alien
species (Franco et al. 2022; Schuster et al. 2022), to the best of
our knowledge, our work provides one of the first examples of
native herbaceous species effectively outcompeting an invasive
woody alien shrub. In our case, however, the small herbaceous
native species did not compete with a large established shrub
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but with small germinations and young seedlings of B. davidii.
The timing of sowing appears, therefore, to be critical to main-
tain this hierarchy of biomass and height between the compet-
itors and to reduce the window of opportunity for the invasive
(Johnstone 1986). Accordingly, capitalising on the priority effect
appears to be a key strategy for outcompeting potential invaders
(Gioria et al. 2018).

A next step for future research would be to investigate how
native species seeding may reduce not only B. davidii but also
other invasive alien species in a context of multiple invasions.
Moreover, native community development depends on inter-
annual climatic variability (Bell et al. 2019). This may there-
fore limit the effect of alien species reduction if, for instance,
the sowing occurs in a very dry or cold year that would delay
native community growth without affecting the alien invader.
Besides species-specific and conditions-specific effects, further
studies are needed to better understand how native species seed-
ing affects the spontaneous recruitment of other native species.
It would be, indeed, counterproductive for restoration to lead to
an impoverished diversity of native species when the very aim
of efforts to limit exotic species is to combat biotic homogenisa-
tion and the loss of biodiversity. In support of using local seeding
mixtures of native species, a previous study found that native
species recruitment was less affected by native species seeding
than that of alien species (Simmons 2005).

5 | Conclusion for Managers

Early sowing of native species mixture of local seeds can pre-
vent woody alien species invasion. The tested seed densities (15
and 30gm™2) did not influence resistance to invasion by B. da-
vidii; however, the timing of sowing was critical. In order to be
efficient, the seed mixture should be chosen to germinate fast
and induce high shading by rapidly establishing plant cover.
Ideally, the seed mixture should be sown immediately following
disturbance.
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