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Abstract Climate change and disturbance are two
major factors affecting the establishment of invasive
species, yet few studies to date have assessed the
individual and interactive effects of these two factors
in a common setting. Disturbance has often been found
to facilitate the establishment of invading species,
while climate change may affect them positively or
negatively through altering abiotic conditions, or
indirectly by modifying species interactions. In a
full-factorial field experiment in a semiarid temperate
grassland in Central Hungary, we studied the effects of
drought (40% rain exclusion throughout the year) and
soil disturbance on the emergence, survival and
aboveground biomass of four invasive plant species
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that represent different life forms and that are of
concern in the region and at a broader scale. We added
seeds of Ambrosia artemisiifolia (annual forb),
Cenchrus incertus (annual grass), Asclepias syriaca
(perennial forb) and Ailanthus altissima (deciduous
tree) in drought and non-drought plots with and
without soil disturbance. Ailanthus germinated poorly
irrespective of treatments. Disturbance facilitated
while drought suppressed seedling emergence in the
other three species. Ambrosia was more sensitive to
disturbance, while Cenchrus was more responsive to
drought. Asclepias achieved substantial emergence in
disturbed non-drought plots only, as drought strongly
suppressed its emergence even in the presence of
disturbance. Seedling survival and late-season above-
ground biomass of Ambrosia and Cenchrus were
positively affected by disturbance but were unaffected
by drought, while no Asclepias seedling survived until
late summer. Our results highlight that both drought
and disturbance may considerably impact the estab-
lishment of invasive plants, with potential interactive
effects, but responses may greatly differ among
species and life stages. Overall, our findings in this
study suggest that although drought may negatively
affect seedling establishment, a drier climate may not
suppress or eliminate invasive species if soil distur-
bance is present. They also highlight the importance of
including disturbance in studies assessing the potential
effects of climate change on plant invasions.
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Introduction

Ongoing climate change and biological invasions are
transforming landscapes and ecosystems on a global
scale (Vitousek et al. 1997; Sala et al. 2000). Each of
these phenomena have a profound effect on biodiver-
sity and ecosystem services, but their combined effects
are hard to predict (Bradley et al. 2010a; Fahey et al.
2018).

Changing temperature and rainfall patterns have a
direct effect on invasive species as a changing
physiological constraint (Bradley et al. 2010a). Many
of these species are well suited to environmental
change, which facilitate their spread to new habitats in
their non-native range (Bradley et al. 2010a). We may
therefore expect that the same traits that make them
successful invaders, such as broad environmental
tolerances, high phenotypic plasticity, rapid adapta-
tion or acclimatization to the environment, high
reproductive output and growth rates, may also be
beneficial under a changing climate (Bradley et al.
2010a; Davidson et al. 2011). Many studies emphasize
the importance of early life stages and seedling traits
in the success of invasive species (Colautti et al. 2006;
Gioria and Pysek 2017; Gioria et al. 2018). High
germination rate, earlier and faster germination, and
the ability to germinate under a broad range of
environmental conditions are indeed frequent charac-
teristics of invasive plant species, and have been
linked to their spread, abundance, and impact (Colautti
et al. 2006; Gioria and PySek 2017). Earlier and faster
germination, and, in general, plasticity in response to
changing environmental conditions may give an
advantage to invasive species (compared to native
ones; see e.g. Wainwright and Cleland 2013) by
enabling them to exploit periods of low competition
(Gioria et al. 2018) and facilitating their establish-
ment. Therefore, several authors argue for the overall
prospect of increased invasion risk under climate
change (Walther et al. 2009; Bradley et al. 2012),
which is indeed supported by numerous individual
experimental, observational, and modelling studies
(Kriticos et al. 2003; Blumenthal et al. 2008; Bradley
et al. 2010b; Bellard et al. 2013). However,
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counterexamples also exist (Beaumont et al. 2009;
Bradley 2009; Parker-Allie et al. 2009; Bellard et al.
2013) pointing to the fact that the outcome of these
changes may depend on the taxonomic group (Bellard
et al. 2013), functional group and the invaded habitat
(Parker-Allie et al. 2009).

Besides directly influencing their physiology, phe-
nology and demographic rates, changing precipitation
and temperature also have an indirect effect on
invasive species through decreasing the competitive
vigor and resilience of resident communities (Walther
et al. 2009). Several field studies demonstrate that
invasive species benefit from the reduced biomass
(Manea et al. 2016) or altered structure (Collinge et al.
2011; Jiménez et al. 2011) of the resident community.
The climate-driven local decline of native species
creates ‘“vacant niches”, which allows invasive
species to take over (Thuiller et al. 2007).

Disturbance events disrupt ecosystems, community
and populations structures by altering the physical
environment (Pickett and White 1985). It has often
been documented that soil disturbance facilitates the
spread of invasive species through altering resource
and substrate availability and offering windows of
opportunity for establishment in the absence of
competitors (Hobbs and Huenneke 1992; Burke and
Grime 1996; Davis et al. 2000). This is due to the fact,
that species that become invasive are often character-
ized by traits that are typical of ruderal species (sensu
Grime 1977) such as high photosynthetic and growth
rate (Kleunen et al. 2010), high resource use efficiency
on short time scales (Funk and Vitousek 2007), traits
related to high fecundity (Moravcova et al. 2010) and a
light requirement for germination (Luo and Cardina
2012; Mihulka et al. 2003), which make them
successful at exploiting these opportunities. Even
though most studies confirm the positive effect of
disturbance on invasive species, it is important to note
that the effect varies from only slightly influencing
single demographic rates (for example fecundity, see
Larson et al. 2017) to significantly increasing invasive
species’ biomass (Beckstead and Augspurger
2004).The actual impact of a disturbance event may
depend on its nature (i.e. how much it is part of the
natural disturbance regime), severity, timing and the
particular ecosystem.

Invasive species’ response to disturbance may vary
under different climatic conditions, making it hard to
apply general findings when trying to predict their
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future spread. Therefore, carrying out species-specific
manipulation experiments where plants are exposed to
various levels of climatic variables is of great impor-
tance (Bradley et al. 2010a; Buckley and Csergd
2017). By combining climatic factors and disturbance,
and studying species on the spectra of competitive-
ness, stress tolerance and response to disturbance in a
comparable setting, we may also infer more general
conclusions about the behaviour of invasive plants in
response to global change.

The few studies to date that have tackled the effects
of both climate change and disturbance on invasive
species (e.g. Compagnoni and Adler 2014; Lem-
brechts et al. 2016) highlighted the importance of
disturbance even in stressful environments, through
limiting competition between invaders and resident
species and increasing resource release. Furthermore,
these studies conclude that there may be interaction
between disturbance and climatic factors [e.g. the
effect of disturbance was intensified by warming
temperatures in the study of Lembrechts et al. (2016)],
therefore it is important to study them in combination.

The goal of this study was to test whether drought (a
frequent component of climate change), disturbance
and their combination affect the emergence, survival
and growth of invasive species in Central Hungary, a
region heavily affected by both environmental
changes and plant invasion. According to climate
projections, the study area is likely to experience more
frequent heatwaves and extended periods of drought in
summer in the future (Jacob et al. 2014). Our study
system, the sand grassland component of the Pannon-
ian forest steppe is particularly sensitive to precipita-
tion changes due to the low water-holding capacity of
the local sandy soils. To test the combined effects of
disturbance and drought in this system, we selected
four invasive plant species: Ailanthus altissima (Mill.)
Swingle, Ambrosia artemisiifolia (L.), Asclepias syr-
iaca (L.) and Cenchrus incertus (M. A. Curtis). Our
study species were chosen so that they represent
different life forms, and their spread is of concern not
only locally, but regionally and in some cases globally.
Our specific objectives were to test (1) whether the
emergence, survival and biomass production of these
species are altered by drought, (2) if soil disturbance
affects the emergence success, survival and biomass
production of the chosen invasive species, and (3)
whether there is any interaction between soil distur-
bance and drought. We hypothesized that drought

would decrease the emergence, survival and biomass
production, while disturbance would have a positive
effect and their combined effect would be species-
specific. Please note that although drought itself can
potentially be considered as a form of disturbance,
especially when it disrupts ecosystems (Pickett and
White 1985), droughts are rarely discussed in a
disturbance context in the literature, and throughout
this manuscript disturbance does not include drought
or other elements of climate change.

Materials and methods
Study site and ecosystem

The study site is located in the Duna-Tisza Interfluve
in Hungary, in the Kiskunsag National Park, near the
village of Fiilophdza (coordinates: 46°52'17"N,
19°25'17"E, see Fig. 1). The area is characterized by
amoderately warm temperate climate with continental
and sub-Mediterranean influences. Mean annual mean
temperature is 10.6 °C, mean annual precipitation is
534.2 mm based on the local meteorological station’s
records for the period between 1936 and 2019. The
calcareous sandy soil has a very high sand content
(over 95%) and a low humus content (below 1%;
Kovacs-Lang et al. 2000), resulting in very low water
holding capacity. Our experiment was set up at a site
that has been protected and left unmanaged since the
1970s.

The broader landscape is heavily affected by human
impact (mostly agricultural land-use), but the natural
forest steppe vegetation prevails in fragments in
protected areas. The study system is the grassland
component of this forest-steppe, an open sand grass-
land dominated mostly by C;3 perennial bunchgrasses
(Festuca vaginata and Stipa borysthenica), which
contribute the most to the total vascular plant cover
that is around 30-40% (Kovacs-Lang et al. 2000).
Other important species are perennial herbs (e.g.
Artemisia campestris, Centaurea arenaria, Dianthus
serotinus, Euphorbia segueriana, Fumana procum-
bens, Silene otites, Syrenia cana), winter annuals (e.g.
Arenaria serpyllipholia,, Holosteum umbellatum,
Secale sylvestre) and summer annuals (e.g. Salsola
kali, Bassia laniflora). The species pool of this
vegetation type is relatively low (ca. 60 species), with
15-16 species/m” on average (Kovics-Lang et al.
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Fig. 1 a Location of the study site within Europe and Hungary;
b arrangement of experimental plots (drought and non-drought);
¢ 0.5m * 0.5 m subplots designated for the sowing and

2000). The growing season starts in April and lasts
until September. The major productivity peak is in
May-June, and a second minor peak may occur in
September.

Study species

We selected four invasive species representing differ-
ent life forms that are present in the landscape, but not
locally at the site, and whose spread and ecosystem
effects are of major concern in the area (Botta-Dukat
and Mihaly 2004; Botta-Dukat and Balogh 2008).
While differences among these species may highlight
potential differences among life forms, we emphasize
that more species of the same life from should be
studied to clearly address life form specific effects.
Common ragweed (Ambrosia artemisiifolia L.) is a
widespread annual herb native to North America that
has invaded the temperate regions of the world (Essl
et al. 2015). The germination of ragweed seeds is
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disturbance treatments; d photo of the sowing process and the
species’ arrangement within the subplot

complex: after ripening, they enter a state of primary
dormancy, which is broken by cold temperatures
during the autumn and winter months, but seeds may
also enter secondary dormancy if conditions are
unfavourable and remain viable for up to 40 years
(Baskin and Baskin 1977a). Generally, light stimulates
germination, and germination rate decreases with soil
depth, but seeds on the soil surface are exposed to
more extreme conditions (cold or hot temperatures,
desiccation) and experience high mortality (Botta-
Dukat and Balogh 2008). Common sandbur (Cenchrus
incertus M.A. Curtis) is an annual grass species from
the subtropical and Mediterranean parts of North and
Central America that had been introduced to Europe,
South Africa and Australia (Szigetvari 2005), and
similarly to most invasive grasses at our study site, it is
characterized by C4 photosynthesis. The germination
ecology of this species is poorly known (Szigetvari
2005), but it requires warm soil temperatures (above
20 °C according to Ujvarosi 1973). Common



The role of disturbance in invasive plant establishment in a changing climate: insights from a... 1881

milkweed (Asclepias syriaca L.) is a tall perennial
herb from the lowlands of the eastern part of North
America and it is a problematic invasive alien species
in the Mediterranean and temperate regions of Europe
(Botta-Dukat and Balogh 2008). Seeds of these
species germinate above 15 °C and prefer to be buried
0.5-1 cm belowground. Under optimal conditions, the
germination percentage can be very high (up to 99%),
but deeply buried seeds may also retain their germi-
nation ability for years (Botta-Dukat and Balogh
2008). Tree of heaven (Ailanthus altissima (Mill.)
Swingle) is a deciduous tree originating from China
and Korea, and it has been introduced to subtropical
and temperate regions across the world (Kowarik and
Sdaumel 2007). Even though it is a drought-tolerant
species, it requires warm and moist conditions for
germination. Hereafter we will use only the genus
names to refer to the study species.

Experimental design

Ten 3.5 x 3.5 m plots were set up in 2016; they were
placed on internally homogenous grassland patches in
pairs (hereafter referred to as ‘blocks’) within a fenced
experimental area (see Fig. 1b). Blocks were at least
7 m from each other. One plot in each block received a
permanent rainout shelter built according to the design
described by Smith (2017), with V-shaped polycar-
bonate gutters of 10 cm width alternating with 15 cm
strips of non-covered areas. We excluded 40% of
precipitation, all year round, thus simulating a year
corresponding to the lowest 1st percentile of the long-
term precipitation records. Light intensity was reduced
by 13.5% under the rainout shelters, which is unlikely
to severely affect ecosystem functioning, given that
the study system is limited predominantly by moisture
(Kovacs-Lang et al. 2000). The other plot in each
block was left as a control and received ambient
precipitation (from here on referred to as a ‘non-
drought’ plot).

Within each plot, four 0.5 x 0.5 m subplots were
designated for the experiment, surrounded by a 1 m
outer border zone, and situated 0.5 m from each other
(Fig. 1c). This subplot size contains individuals of the
dominant species (Festuca vaginata and Stipa borys-
thenica) and those of the subordinate species. All
subplots had similar total vascular plant cover, and
none were exposed to any type of disturbance prior to
the experiment. Two of the subplots were subjected to

soil disturbance in the autumn of 2016: each of them
was dug at approximately 20 cm depth, and all major
vegetative plant parts were removed from the soil
before putting it back and evening the ground. One of
the disturbed and one of the undisturbed subplots were
chosen for sowing the seeds of the study species
(Fig. 1c), while the other two were left unseeded in
order to check whether spontaneous dispersal and
emergence happens for the studied species. This
arrangement resulted in four treatment combinations
for subplots with added seeds: undisturbed non-
drought, disturbed non-drought, undisturbed drought,
and disturbed drought.

Seeds for sowing were collected near the site during
September and October 2016. In November 2016, fifty
randomly chosen seeds of each invasive species were
sown in each seeded subplot. The seeds of the four
species were added to the same subplots, but in
different sections of each subplot (Fig. 1d). Each seed
was gently pushed down to approximately 3 cm below
the surface to avoid further dispersion and thus the
invasion of other plots. This depth allowed for having
even the biggest seeds of Cenchrus covered with
1-1.5 cm layer of soil, but it was near or within the
range of ideal burial depth for all other species as well
[Kowarik and Sdumel (2007) for Ailanthus, Jeffery
and Robison (1971) for Asclepias and Guillemin and
Chauvel (2011) for Ambrosial.

To avoid biased germination percentages resulting
from low seed quality, we assessed the quality of
collected seeds with a germination test in the labora-
tory. Seeds were first surface sterilized by soaking
them in 5% NaOCl solution for 1.5 min and placed on
wet filter paper in Petri dishes in batches of 20. For
each species, there were five replicates. The seed beds
prepared this way were subjected to cold stratification
at 4 °C for a time period corresponding to their
germination requirements according to the literature
(Pickett and Baskin 1973; Baskin and Baskin 1977b;
Kowarik and Sdaumel 2007; Rebbeck and Jolliff 2018).
After cold stratification, seed beds were placed in a
growth room at a temperature of 20 °C, receiving
natural light. Germination success was monitored
regularly until no new seeds germinated for 10 days.
The test showed that the collected seeds were viable
and all species yielded high germination percentages:
71% (£ 15% SE) of Ailanthus, 83% (£ 6% SE) of
Ambrosia, 73% (£ 2% SE) of Asclepias and 83%
(£ 5% SE) of Cenchrus seeds germinated. These
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percentages were not used in any further calculations,
they served only as a comparison to values reported in
the literature.

Data collection

Emergence and survival of seedlings were monitored
weekly from late March until July 26, 2017, when the
aboveground biomass of the survived individuals was
harvested by clipping them at the soil surface and
pooled for each species within a subplot. Harvest was
scheduled to be at the latest date without ripened seeds
to prevent seed dispersal of these invasive species. The
harvested biomass of each study species from each
subplot was dried in an oven at 60 °C for 48 h and its
mass was measured to 0.1 mg accuracy.

We also recorded abiotic variables: air temperature
and relative humidity were measured in each plot
using a VOLTCRAFT DL-120TH type datalogger,
which was taking measurements every 10 min. Soil
moisture was measured once a month between March
and July using a FieldScout TDR 350 Soil Moisture
Meter and a 20 cm rod by taking 12 measurements in
each subplot. In order to avoid accidentally moving
seeds further down in the soil or causing additional
disturbance in the plots, we conducted these measure-
ments in the unseeded subplots.

Statistical analysis

Since no seedlings of the sown species appeared in
unseeded plots, all statistical analysis of species
responses included data only from the seeded plots.
Emergence percentage was calculated for each species
for the twenty subplots that received seeds. Survival
percentage was calculated as the proportion of germi-
nated seeds that survived until the July 26, 2017 (date
of biomass collection).

The effects of drought and soil disturbance on the
emergence and survival were modelled separately for
each species that yielded sufficient data by a general
linear mixed model with a binomial error distribution
and canonical logit-link function (package I/me4, see
Bates et al. 2015). This resulted in three models for
emergence (for Ambrosia, Asclepias and Cenchrus)
and two for survival (for Ambrosia and Cenchrus). In
these models, drought, disturbance and their interac-
tion were set as fixed factors, except for the one
modelling the survival of Ambrosia, where only

@ Springer

drought was used, since no seedlings survived in the
undisturbed subplots. In all models, plot nested in
block were applied as random (intercept) factors,
corresponding to the split-plot design. Where overdis-
persion was detected (in the case of Cenchrus
germination), we corrected the standard errors by
applying a quasi-GLMM model. Model diagnostics
was done using package dHARMA by Hartig (2020).
A post-hoc comparison of means was done where the
interaction of drought and disturbance turned out to be
significant using the least-square means method
(Ismeans function, Ismeans package, Lenth 2016).

The effects of drought and disturbance on biomass
production was modelled with linear mixed effects
models (package Ime4, see Bates et al. 2015) for
Ambrosia and Cenchrus seedlings, as only these two
species’ seedlings survived until the July 26, 2017. For
Cenchrus, the response variable (biomass) was log-
transformed [using log10(x + 1)] in order to achieve
homoscedasticity and normality of residuals. In the
case of Cenchrus, drought, disturbance, and their
interaction were the fixed factors, while for Ambrosia,
only drought was used as a fixed factor, since no
seedlings survived in undisturbed subplots. In both
cases, plot nested within block were the random
effects, and for Cenchrus, the variance structure was
set using the varldent function in order to allow for
non-constant variance among the different levels of
disturbance.

Data from soil moisture measurements were used to
calculate mean volumetric water content for each
subplot over all sampling dates and was analyzed
further using a linear mixed model with drought,
disturbance, and their interaction as fixed factors, and
plot nested in block as a random factor. Air temper-
ature and relative humidity data from the loggers
(positioned at ca. 20 cm aboveground) were used to
calculate mean daily values and to check for potential
artefacts of the fixed shelters. A repeated measures
linear mixed effect model was run on daily mean
temperatures and relative humidity, using drought
treatment and date as a fixed factor and plot nested in
block as a random factor.

All data analyses were performed in R (Version
3.4.4, R Core Team 2020).
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Fig. 2 Emergence percentages of the four study species inp

different subplots (n = 5) given as the percentage of the 50 seeds
sown. Since Ailanthus emerged in very low numbers (only 2.8%
of all seeds), it was omitted from further statistical analyses. For
the other species, test statistics and corresponding p values are
the results of GLMMs. Where significant interaction was found,
different letters represent significant differences between the
treatment groups according to the post-hoc test (o = 0.05)

Results
Abiotic factors

The drought treatment lowered soil moisture (Supple-
mentary table 1, X% =19.682,df = 1, p <0.001), while
disturbance (ﬁ = 0.025, df = 1, p = 0.874) and the
interaction of drought and disturbance did not have an
effect (X% =0.337,df = 1, p = 0.561). We found only
small (non-significant) differences in temperature and
air humidity between drought and non-drought plots
(Supplementary table 1; effect of drought on temper-
ature: x% =0.029, df = 1, p = 0.865; and on relative
humidity: »3 = 0.0003, df = 1, p = 0.986, for mea-
surements taken on each sampling date, see Supple-
mentary Fig. 1).

During the study period (from November 1, 2016 to
July 31, 2017), precipitation was 384.6 mm and mean
temperature was 9.1 °C, which are close to the long-
term average values (8.8 °C and 405.8 mm;
1936-2019). As the permanent shelter covered 40%
of the area of the drought plots, they received an
estimated 231 mm of precipitation. With this, we
achieved a 43.1% reduction from the long-term mean,
which occurred only once (in 1951) in the previous
81 years on record.

Seedling emergence

No seedlings of the study species emerged in the
unseeded subplots. In the seeded subplots, three out of
the four studied species emerged in considerable
numbers. Overall emergence percentages were:
26.1%, 13.5% and 37.5% for Ambrosia, Asclepias
and Cenchrus, respectively. Since Ailanthus emerged
in very low numbers (only 2.8% of all seeds), we
omitted this species from all statistical analyses.
Drought had a negative effect on the emergence of
each of the three species (Fig. 2). By contrast, soil
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disturbance enhanced emergence in all the three
species (Fig. 2). Ambrosia was more sensitive to
disturbance (with mean emergence percentage of
7.8% and 44.4% in undisturbed and disturbed plots
respectively), than to drought (with a mean emergence
percentage of 30.4% and 21.8% in non-drought and
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drought plots, respectively). By contrast, Cenchrus
was more sensitive to drought (with a mean emergence
percentage of 50.6% and 24.4% in non-drought and
drought plots, respectively) than to disturbance (mean
emergence percentage of 32.8% and 42.2% in undis-
turbed and disturbed plots, respectively). The interac-
tion of drought and disturbance was significant for
Asclepias only (Fig. 2). While under non-drought
conditions, mean emergence percentage increased
from 6 to 44% in response to disturbance, under
drought conditions it was 1.2% and 2.8% in undis-
turbed and disturbed plots, respectively.

Survival and late-season aboveground biomass

Asclepias seedlings died by late spring, thus survival
and late-season biomass could not be evaluated. Some
seedlings of Cenchrus and Ambrosia reached an adult
stage, flowered and started fruit-setting, and could
therefore be evaluated for survival and late-season
aboveground biomass (Figs. 3 and 4).

80%7 (a) Ambrosia Drought: X = 0.001, p=0.980
60%
— S
'
1
4 —
1
20%- . |
2 | i
E — =
2 0% — _— —_
2 ° T T T T
3
]
()]
£ 80%1 (b) Cenchrus Drought: X2=0.453, p=0.501
el
e —— Disturb.:x{= 14.355, p<0.001
@ 60% | Dro:Dist7?=1,031, p=0.253
' -
! '
40% |
1
—_— !
1
20%| '
: .
. .
1 —
0%+ o

T T T T
undisturbed disturbed  undisturbed disturbed

[
non-drought drought

Fig. 3 Survival percentages of Ambrosia and Cenchrus
seedlings in different subplots (n = 5). Survival is given as the
percentage of germinated seeds. Test statistics and correspond-
ing p values are the results of GLMMs
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Fig. 4 Aboveground biomass of individuals of Cenchrus and
Ambrosia in subplots under different treatments (n = 5). Test
statistics and corresponding p values are the results of LME
models

Ambrosia had surviving individuals only in dis-
turbed plots, so the obvious effect of disturbance was
not incorporated into the model assessing the effect of
treatments on survival. In disturbed plots, drought
affected neither survival (Fig. 3a) nor late-season
above-ground biomass (Fig. 4a) for Ambrosia. For
Cenchrus, disturbance had a positive effect on both
survival (Fig. 3b) and late-season above-ground
biomass (Fig. 4b). By contrast, drought affected
neither survival (Fig. 3b), nor aboveground biomass
(Fig. 4b).

Discussion

We showed that drought negatively affected emer-
gence, while disturbance had a positive impact.
However, the relative importance of drought and
disturbance and of their interactive effects varied
among the study species. While disturbance remained
an important driver, drought did not affect the survival
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and late-season aboveground biomass. These results
confirm the well-established notion of the importance
of disturbance in plant invasions, while providing new
insight into its role under climate change, particularly
the interaction with drought, and its species and life
stage specific effects.

The effect of drought on invasive species’ success

Emergence percentages were relatively low (mostly
below 20%) in non-drought undisturbed plots for three
out of the four species, Ailanthus, Ambrosia and
Asclepias, while Cenchrus emerged in higher num-
bers. The fact that our viability test performed in the
laboratory yielded high germination percentages
(above 70%), which are comparable to results from
other studies for all the study species [see for instance
Kostel-Hughes et al. (2005) for Ailanthus, Yenish
et al. (1996) for Asclepias, Pickett and Baskin (1973)
for Ambrosia, Zhang et al. (2016) for Cenchrus],
suggests that the low numbers of emerged seedlings in
our field study were not a consequence of low seed
quality, but were caused by environmental conditions
combined with competition from the resident vegeta-
tion. As these grasslands are primarily limited by soil
moisture availability (Kovacs-Lang et al. 2000), the
low emergence percentages suggest that in the pres-
ence of competing resident species, water stress was
probably considerably high for these species even in
non-drought-plots.

The studied annual species (Ambrosia and Cen-
chrus, annual herb and annual C4 grass) had a higher
emergence percentage than the perennials (Ailanthus
and Asclepias, perennial herb and tree). Cenchrus
showed the highest overall numbers, while Ambrosia
emerged in slightly lower numbers. Even though little
is known about the germination requirements of
Cenchrus incertus, partly due to taxonomic uncer-
tainty (Botta-Dukat and Balogh 2008) and partly to
lack of studies, in line with our results, Cenchrus
pauciflorus (a synonym to C. incertus) was found to be
sensitive to water stress during its germination (Zhang
etal. 2016). As for Ambrosia, laboratory studies found
that drought stress during early life stages (germina-
tion and establishment) had a disproportionately
negative impact on the species (Shreshta et al. 1999).

Unlike seedling emergence, survival and late-
season aboveground biomass of Ambrosia and Cen-
chrus were not affected by drought. This indicates that

earlier life stages, especially emergence, are more
sensitive to water shortage (compared with survival
and growth), which may be related to the lack of a
developed root system at this early stage (Walck et al.
2011; Bykova et al. 2019).

The perennial species, especially Ailanthus,
emerged in lower numbers, and while Asclepias
performed well in the non-drought plots, neither had
any seedlings surviving to the harvest date in late
summer, indicating a higher sensitivity to environ-
mental stress. The lower emergence percentage in
itself is not surprising, since these plants do not depend
solely on newly established individuals each year, and,
furthermore, both can spread locally by clonal growth
(Kowarik and Sdumel 2007; Botta-Dukat and Balogh
2008). It must be noted, however, that our study design
only used one level of drought. To examine the
importance of water availability further and to detect
possible non-linear responses (Beier et al. 2012), it
would be important for future studies to assess the
effect multiple levels of drought on the invasive
species throughout different years.

Since water availability is one of the most impor-
tant determinants of the success of plant species in arid
and semiarid grasslands, several studies have already
highlighted the negative effect of drought or the
importance of low soil moisture as an abiotic barrier
for invasive species. For instance, Or-Leyl and
Sternberg (2010) found that local communities
showed a high resistance to invasion along an aridity
gradient in Israel, and the survival and biomass of the
invasive Conyza canadensis was negatively affected
by reduced water availability. Similarly, when study-
ing resident species’ resistance and invasive species’
success in a coastal prairie community, Thomsen et al.
(2006) also concluded that drought represented an
abiotic barrier for the invading Holcus lanatus: water
addition increased the establishment and survival of
this non-native species. Indeed, extraordinarily wet
conditions, which may also become more frequent
with climate change, may provide ‘temporal hotspots’
of invasion (Kreyling et al. 2008).

At our site, the intact resident vegetation was
relatively resistant to the establishment of invasive
species. Except for Cenchrus, their overall establish-
ment success was low under ambient conditions in the
presence of competition (without disturbance). This is
generally in agreement with the notion that invasive
species may possess some advantageous germination

@ Springer



1886

1. Orban et al.

traits that make them successful colonizers [typical of
ruderal species, e.g. large seed production, high
germination rate, faster germination, broader germi-
nation niche, see for instance Pysek and Richardson
(2007), Gioria and Pysek (2017)], but, at the same
time, they are weaker competitors.

The effects of disturbance on invasive species’
success

Disturbance had a positive effect not only on the
emergence but also in later life stages, on the survival
and growth of invasive species. This is consistent with
theoretical considerations that the removal of com-
petitors supports the invasive species by creating a
surplus of resources that they can utilize and gain
advantage from (Davis et al. 2000; Pickett and White
1985), often by applying a resource use strategy that is
more efficient on a shorter time scale than that of the
resident vegetation (Funk 2013).

Species were affected somewhat differently by
disturbance: Asclepias in non-drought plots yielded a
much higher emergence percentage when disturbed.
Previous studies demonstrate that this species is most
successful on disturbed ground (Bagi 1999). Ambrosia
was also very responsive to disturbance; not only did it
emerge in much higher numbers in disturbed subplots,
but no seedlings survived in the undisturbed subplots.
The ruderal strategy and disturbance-dependent nature
of this herb is evident from previous research
(Fumanal et al. 2008; MacDonald and Kotanen
2010), it has been revealed that the complex germi-
nation pattern of Ambrosia is part of a competition
avoidance strategy: Fenesi et al. (2014) showed that in
the presence of other species of established plants,
Ambrosia delayed its emergence and reduced the
fraction of germinating seeds by inducing secondary
dormancy. Because it is such a weak competitor, some
researchers even suggested that competitor species
could be included in biological control efforts against
Ambrosia (Teshler et al. 2001). In the case of
Cenchrus, it is noteworthy that among the studied
species, it emerged in the highest numbers in the
undisturbed, non-drought subplots, which may point
to its better competitive ability as a seedling. However,
it still benefitted from disturbance during all three
studied life stages. These results are consistent with
previous observations in our study area made by
Szigetvari (2005), who notes that even though both
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annual species are tied to disturbed surfaces: while
Ambrosia appears almost exclusively along the roads
that are highly disturbed, Cenchrus also has several
smaller stands not related to roads, but affected by
mild trampling.

Even though a few previous studies found that
disturbance may have a negative effect on invasive
species’ success (mostly when the dominant interac-
tions between them and the resident species were
facilitative rather than competitive, see Parker 2002 -
and Paiaro et al. 2007), in the overwhelming majority
of cases its effect is beneficial, similarly to our results.
This positive impact is documented in several case
studies, for example on seedling establishment and
survival (Fernandes et al. 2017), population growth
rate (Compagnoni and Adler 2014), and biomass
(Prevéy and Seastedt 2015). In a comprehensive study
with several invasive species sown along elevational
gradients in mountains across two continents, distur-
bance was found to be the primary determinant of
survival, biomass production and flowering success of
invasive species (Lembrechts et al. 2016). Together,
these findings along with our results emphasize that
studies on plant species invasiveness should include
disturbance, and assessing invasibility of plant species
without disturbance (e.g. Vila et al. 2008) may
potentially underestimate invasion risk.

Combined effects of drought and disturbance
and their relative importance for different species

Including both drought and disturbance in our field
experiment made it possible to test for potential
interactive effects. Indeed, in the case of Asclepias,
emergence was high only in disturbed subplots
without a drought treatment, thus the positive effect
of disturbance could only be manifested under non-
drought conditions. One possible explanation for this
is that by excluding ca. 40% of rainfall, soil moisture
dropped below a species-specific stress limit that even
the absence of competitors could not compensate
for—and hence emergence decreased dramatically.
Although all Asclepias seedlings died in this particular
year, the strong negative effect of drought on seedling
emergence indicates that Asclepias may be one of
those alien species that will be hardly hit by drier years
in the future (Or-Leyl and Sternberg 2010; Liu et al.
2017; Kelso et al. 2020).
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Interactive effects between climate and disturbance
were also found by Compagnoni and Adler (2014) in
their study of Bromus tectorum in Northern Utah along
an elevational gradient. Neighbour removal increased
the effect of warming at mid-elevations, but decreased
the effect of warming at low elevations. The interac-
tion of disturbance and elevation (which served as a
proxy for air temperature) was also important in a
cross-continental study of Lembrechts et al. (2016),
where soils warmed up more easily in plots in which
resident vegetation had been previously removed.
Collectively, these findings point out that the interac-
tion of two or more factors may result in quite different
responses from invasive species, which would be hard
to predict from studies investigating a single driver on
its own.

Combining drought and disturbance in a single
study also allowed us to compare the relative impor-
tance of the two factors. According to our results
Ambrosia emergence was more sensitive to distur-
bance than to drought. This observation complies with
studies tackling the species-specific threshold for
survival of plant species in response to climatic
stressors (Laube et al. 2015). Previous studies have
also highlighted the predominant role of disturbance in
the spread Ambrosia locally (Kréel-Dulay et al. 2018)
and at its moisture-limited southern distributional
limit (Storkey et al. 2014). Taking into account the
role of disturbance in facilitating this particular
species’ spread in the future is highly important
because of the projected increase in health risk due to
its allergenic pollen (Storkey et al. 2014). On the other
hand, the annual C4 grass species, Cenchrus, was
more sensitive to drought than disturbance during
emergence, but later on this changed and survival and
growth was only affected by disturbance. This higher
sensitivity to climatic stressors in early life stages
compared to adult plants was also observed for other
species (Laube et al. 2015), while in some cases, the
importance of the effect of disturbance on invasive
species increased towards later stages of their devel-
opment (Lembrechts et al. 2016). Taken together, this
highlights the importance of observing invasive
species’ response to different stressors and treatments
throughout different life stages.

It has been previously shown that disturbance can
strongly impact vegetation responses to changes in
climate. Disturbed sites can be more responsive to
changes in climate than undisturbed ones (Kroel-

Dulay et al. 2015), and the same site can change from
unresponsive to responsive when hit by a disturbance
event (Collins et al. 2017). Our study focusing on plant
invasions in a changing climate provided further
evidence on the role of disturbance in shaping plant
responses to global change. Indeed, this experiment
would have yielded much less insight into invasive
species’ response to drought if disturbance had not
been part of the design.

Conclusions

Our results provide support for the overarching
importance of disturbance in the establishment of
invasive plants even in the occurrence of droughts that
negatively affect seedling emergence. Interestingly,
drought did not affect survival and late-season
biomass of the surviving individuals, while distur-
bance maintained its positive effect on both, possibly
through an increased resource availability due to the
absence of competitors. These results suggest that
although more frequent or severe future droughts may
negatively affect the establishment of invasive spe-
cies, a drier climate is unlikely to suppress or eliminate
some of these invasive species in the event of soil
disturbance. Overall, we showed that the effects of
climate change on the establishment and maintenance
of invasive populations should not be examined
without accounting for the combined effects of
disturbance.
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