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Abstract

Despite increasing evidence indicating that invasive species are harming ecological systems and processes, impacts
of multiple invasions, and the linkages between these events and changes in vegetation and soil are inadequately
documented and remain poorly understood. Addressing multiple invasions would help to highlight high priority
invaders and would aid in designing more effective control strategies, contributing to environmental restoration
and sustainability. In this work, we tested the impact of three concurring invasive plant species, Amorpha fruticosa,
Fraxinus pennsylvanica and Acer negundo, on soil conditions and native plant diversity. The research was
conducted in riparian ecosystem and included the following treatments: (1) co-occurrence of the three invasive
plant species, (2) occurrence of a single invasive species, and (3) control, i.e., absence of invasive species. Our
findings revealed that the impact of invasive plants on soil properties and native plant diversity is magnified by
their co-occurrence. Soil in mixed plots (those populated with all three invaders) contained much higher levels of
nitrifying bacteria (NB), organic matter (Om), nitrogen (N), and carbon (C) as well as lower carbon to nitrogen
ratio (C:N) levels, compared to single species invaded plots and control plots. Mixed plots were also characterized
by reduced native plant diversity compared to single species invaded and control plots. Differences in soil
conditions and native plant diversity revealed the interactive potential of invasive plants in depleting biodiversity,
and thus in affecting ecological and biogeochemical processes. Our results highlight the need to study the impact
of multispecies invasion and suggest that sites in riparian areas affected by co-occurring invaders, should be

prioritized for ecosystem restoration.
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Introduction

One of the challenges of globalization is biotic exchange (Reaser et al., 2007). Occurring at increasing rates and
volumes, the consequences of invasive species dispersed beyond their natural barriers often harm native
biodiversity and impair different functions of socio-biological systems (Sala et al., 2000; Walsh et al., 2016; Qu et
al., 2021). Yet, impacts of concurrent multiple invasions remain poorly understood. Elucidating individual and
combined responses of invasive plants and gaining a better understanding of the impact of multispecies invasion
has important ecological implications for relevant management plans and conservation of a growing number of
co-invaded ecosystems.

Multispecies invasion has been identified in the vast majority of habitats (Kuebbing et al., 2013). Although
multispecies invasion is potentially more detrimental to ecosystems compared to single species invasion
(Simberloff and Von Holle, 1999; Inderjit et al., 2005; Pisula and Meiners, 2010), extant research on the ecological
impact of invaders has primarily focused on the effects of individual invaders (Hulme et al., 2013; Kuebbing et
al., 2013; D'Antonio et al., 2017; Tekiela and Barney, 2017), with studies on woody invaders being relatively
scarce (Stricker et al., 2015). Co-occurrence of invasive plants can be explained by the very same introduction
pathway, or by interspecific facilitation, whereby one invader facilitates the establishment and spread of another
(Simberloff and Von Holle, 1999; Richardson et al., 2000; Flory and Bauer, 2014; Kuebbing and Nufiez, 2016;
Zhang et al., 2020). In co-invaded ecosystems, invasive plants influence both biotic and abiotic environment, due
to which their combined impact may be amplified compared to their individual effects. This joint impact on the
native ecosystem results from facilitative (positive) interactions, whereby multiple species increase the magnitude
of their combined response as compared to their individual responses, or competitive (negative) interactions, which
occur when the combined response is weaker than a single-species response (Lortie et al., 2021). Interactions
among multiple invaders can also be neutral, in which case their combined impact is missing (Kuebbing et al.,
2014). Generally, interactions among co-occurring invasive plants are more commonly negative or neutral while
positive interactions, although rare, are more common in woody plants and at sites with a nitrogen fixing species
(Kuebbing and Nufiez, 2015). Yet, linkages among multiple invaders, native biodiversity and ecosystem properties
remain overlooked.

Modification of soil properties by single or several interacting invasive plants can further support self or
cross-facilitation (Vitousek, 1989; Glen and Dickman, 2005; Kuebbing and Nufiez, 2016), which in both cases
hinders restoration efforts and has a subsequent cascading effect on the ecosystem. Invasive plants modify soil
condition either directly by depositing leaf litter of different quality and quantity (Ehrenfeld, 2001), or indirectly
by affecting the microbial communities (Kourtev et al., 2003). Although there is ample evidence that single
herbaceous invaders affect soil processes and native plant communities, the impact of multiple woody invaders on
soil nutrient status and native plants, especially in riparian habitats, is insufficiently documented.

The present study fills this gap in pertinent literature by examining the impact of three invasive woody
species on the soil properties and native plant communities in riparian ecosystems, which due to being particularly
prone to plant invasion, represent model habitats for studying ecological effects of multiple invasions (Pysek and
Prach, 1993; Planty-Tabacchi et al., 1996; Ehrenfeld and Stander, 2010). The investigation was guided by the
following research questions: (1) How do the soil properties and native plant composition in plots invaded by

single and three invasive plants differ from those characterizing non-invaded plots? (2) Does the impact of invasive


https://www.ncbi.nlm.nih.gov/pubmed/?term=Nu%C3%B1ez%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=27618506
https://doi.org/10.1101/2021.04.30.442106

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.442106; this version posted April 30, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

plants increase with their richness? (3) What are the direct and indirect relationships among invasive diversity,

native diversity and soil conditions?

Materials and methods
Study site

Our field study was conducted at a riverine wood pasture located at Kréedinska ada, which is one of the
largest river islands of the Danube River basin in Serbia (covering a 2170 acre area). It is located in the northern
part of Serbia, Vojvodina Province, and is a part of a larger floodplain complex and a Special Nature Reserve
Koviljsko-Petrovaradinski Rit. The soil at the site is classified as Gleyic Fluvisol (IUSS Working Group WRB,
2014). The island has been used for livestock grazing for more than 100 years, which has resulted in a significant
habitat and vegetation heterogeneity. The island has a history of invasion by the boxelder (Acer negundo L.), the
green ash (Fraxinus pennsylvanica Marshall) and false indigo-bush (Amorpha fruticosa L.), which co-invade
riparian areas of Eastern Europe and present major environmental management challenges. Their individual impact
on ecosystems is rarely reported in the literature, while their combined impact is largely absent from available
records. Their presence in the surrounding floodplain area was first recorded by Parabuéski, 1972, according to
whom, F. pennsylvanica and A. negundo were planted in the surrounding area, while A. fruticosa was probably
introduced via the Danube River.

The island was surveyed during May and June of 2014 by randomly selecting 20 plots of 10 x 10 m
dimensions closely located within the same flood zone, with similar soil texture (loam) and land use history, as
well as the same elevation (Fig. 1), in order for the invaded plots to be as comparable as possible to uninvaded
(control) plots in terms of abiotic conditions. In this way, we also minimized the probability that vegetation differed
significantly within the selected plots prior to invasion. The study sample comprised of four plots populated by A.
negundo only (AcerN), four plots with A. fruticosa only (AmorF), four plots with F. pennsylvanica only (FraxP),
four plots populated by all three invasive plants (Mix), and four plots without invasive plants (Con). In all invaded
plots, the abundance of invaders and the height of the individuals within a species was similar to exclude the
possibility of more abundant species having an advantage compared to less abundant species, or older individuals
having more time for plant-soil feedback compared to younger individuals, the trend shown by McLeod et al.
(2016).
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Fig. 1 Location of the study area and the distribution of investigated plots

All vascular plant species occurring in each plot were identified to the species level, and the cover of species in

each plot was visually estimated using the Braun Blanquet scale (Braun Blanquet, 1964).

Soil analyses

Soil samples were obtained from each plot using soil probe at 0—30 cm depth, whereby one representative
composite sample was formed by combining three corner samples with a 2.5 cm core diameter. Each sample was
air-dried and sieved to the <2 mm particle size, in accordance with 1SO 11464:2006.

All investigated soil samples were analyzed for: soil acidity (pH), calcium carbonate (CaCQOs), organic matter
(Om), plant available phosphorus AL-P,Os (AP), plant available potassium AL-K.O (AK), total nitrogen (TN),
carbon (C), carbon to nitrogen ratio (C:N), total sulfur (S), aluminum (Al), calcium (Ca), iron (Fe), potassium (K),
magnesium (Mg), nitrifying bacteria (NB) and denitrifying bacteria (DB).

Given that all samples were of the same soil type and had uniform characteristics, to validate soil texture
gradient, particle size fractions were identified in ten samples (Table S1). Particle size distribution was determined
in the <2 mm fraction using the pipette method (Van Reeuwijk, 2002), revealing presence of the following size
fractions: (<2 pum), silt (2—20 pm), fine sand (20—200 pum) and coarse sand (200—2,000 pum).

The soil pH value was determined in water suspension using a glass electrode in accordance with the ISO
10390:2005 methods. Calcium carbonate (CaCOs) content was determined in accordance with the 1SO10693:1995
method for soil quality. Organic matter content was measured by the Tjurin method, while the total nitrogen and

carbon content was determined via elementary analysis (CHNSO VarioEL I11) in accordance with the AOAC
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Official Method 972.43:2006. Readily available phosphorus P (AL) and readily available potassium K (AL) in
soil were determined by ammonium lactate extraction (Egner et al., 1960). Detection of available P was performed
spectrophotometrically at L = 830 nm in a UV/VIS spectrophotometer using the phosphomolybdate-blue-method
(Murphy and Riley, 1962), whereas available K was determined by ammonium lactate extraction (Egner et al.,
1960) using flame photometer. The total content of micro and macro elements (Mg, Fe, S, Al, and Ca) in the soil
samples was analyzed after digesting the soil in concentrated HNO3 and H20; (5 HNO3 : 1 H,0,, and 1 : 12 solid
. solution ratio) by stepwise heating up to 180 ‘C using a Milestone Vario EL Il for 55 min. Elemental
concentration was determined by ICP-OES (Vista Pro-Axial, Varian) in accordance with the US EPA 200.7:2001
method. Quality control was periodically carried out with the IRMM BCR reference materials CRM-141R and
CRM-142R. The recoveries were within 10% of the certified values.

For analyzing the nitrifying bacteria, the soil samples were collected aseptically from the top 30 cm layer
using a hand shovel, taken to the laboratory on the same day and stored at 4 °C. Prior to the analysis, soil samples
were passed through a 2mm sieve. The number of nitrifying bacteria was determined in a liquid medium by
inoculating suspensions of soil dilutions in test tubes with a medium of the follwoing chemical composition:
NaNO; 10g; K:HPO4 0.5g; NaCl 0.3 g; MgSO. 0.5 g; MnSOs; Fe2(SO4)s; and distilled water 1000 ml. Samples
were incubated for 4 days at 28 °C after which a few drops of reactive containing diphenylamine, distilled water
and concentrated H.SO4 were added. The positive tubes had blue coloration. To determine the number of
denitrifying bacteria soil dilution suspensions were spread directly onto nutrient agar. Gil’tai medium was used to
cultivate denitrifying bacteria. After 48 hours incubation at 28 °C after which the reagents were poured over the
medium and nitrate-reducing colonies were indetified by red color. The reading was converted into 1 g of soil dry

weight i.e., the number of bacteria per 1 g of soil dry weight.

Data analysis

We first tested the effects of invasive species treatments on different soil parameters and plant
communities (i.e., plant alpha-diversity). We used generalized linear models (GLM) with Normal distribution for
soil parameters and Poisson distribution for plant richness (seventeen separate univariate models). The former
served as dependent variables while invasive species treatments were considered independent variables
(categorical, with control as the reference level). Treatment significance was assesed in terms of both model fit
and explained variance using Type-1l ANOVA (Fox and Weisberg, 2019). Furthermore, the number of invasive
species was also considered as a linear predictor, but the results remained qualitatively the same (Table S2).

Next, we tested the effects of invasive species treatments on (1) whole soil conditions, and (2) plant
community composition. For this purpose, we performed sparse partial least squares discriminant analysis (SPLS—
DA, Legendre and Legendre, 2012) to classify sites depending on whole soil conditions and select relevant
treatments. Then, to determine the significance of treatments, we extracted the loadings of the sites along the first
two axes and adopted a linear model with loadings as the dependent and treatments as the independent variable.
The significance of predictors was tested both in terms of fit and 95% CI parameter estimates as well as in terms
of explained variance using Type-1l ANOVA (Fox and Weisberg, 2019). To visualize such a multidimensional
(i.e., multivariate) dataset, results were presented as a clustered heat map and biplot.
The response of plant communities to treatments and soil conditions was subjected to cannonical correspondence

analysis (CCA, Ter Braak, 1986; Legendre and Legendre, 2012), whereby plant cover data formed a community
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data matrix whereas invasive species treatments and significant soil properties (i.e., Om, C:N, and NB) were
considered as constraining variables. Model significance of the model was tested using ANOVA-like permutation
test (Legendre and Legendre, 2012).

To answer the third research question, we fitted a structural equation model (SEM, Rosseel, 2012) using
the following SEM syntax: (i) regressions: native plant species diversity as a function of soil conditions and
invasive diversity (i.e., number of invasive plant species), and soil conditions as a function of invasive diversity;
(ii) latent variable: soil conditions as determined by the C:N ratio, Om, N, C, and NB; and (iii) correlations: C:N
ratio covarying with both N and C. We used maximum likelihood estimation with robust bootstrapped SE and
bootstrapped chi-squared test statistic (i.e., Satorra-Bentler correction) for model evaluation (Rosseel, 2012).

Data analysis was conducted in R 3.6.3 (R Core Team, 2020) using the ‘mixOmics’ package for sPLS—
DA (Rohart et al., 2017), ‘vegan’ for CCA (Oksanen et al., 2019), and ‘lavaan’ for sem (Rosseel, 2012).

Results
The impact of invasion on soil and native plant diversity

Our analysis revealed significant differences in Om, N, C, C:N ratio, and NB among invasive species
treatments, whereas pH, CaCOs, available P,Os, available K70, total S, Al, Fe, Ca, K, and Mg, and denitrifying
bacteria showed similar variation across treatments (Table S2).

In particular, organic matter significantly increased in A. negundo and Mix treatments as compared to
control, by 33% and 53% respectively (Fig. 2a), whereas 3% and 25% increase in A. fruticosa and F. pennsylvanica
was noted relative to control. Nitrogen content significantly increased in Acer and Mix treatments as compared to
control, by 38% and 90% respectively (Fig. 2b), whereas 3% and 22% increase in A. fruticosa and F. pennsylvanica
was noted relative to control. Carbon content significantly increased in A. negundo, F. pennsylvanica, and Mix
treatments as compared to control, by 16%, 13% and 24% respectively, while 4% difference was noted between
A. fruticosa and control (Fig. 2c). The C:N ratio marginally decreased (by 15%) and significantly decreased (by
34%) in A. negundo and Mix treatments as compared to control, respectively (Fig. 2d). Nitrifying bacteria showed
a significant six-fold increase in Mix treatments compared with control (Fig. 2e). AlIP;Os significantly decreased
(by 68%) in A. negundo while AIK;O marginally increased (by 52%) in Mix compared to control. Marginal
differences were observed between F. pennsylvanica and control in S concentration (40% reduction). Finally,
denitrifying bacteria significantly decreased (by 81%) in A. fruticosa relative to control. All soil samples were
found to be highly calcareous (above 20%) and slightly alkaline to alkaline, as their pH ranged from 8.02 to 8.28.

Looking at plant diversity, we found that invasive species treatments marginally affected the overall
richness of plant species (Table S2). In particular, plant diversity significantly declined in A. fruticosa and Mix

treatments as compared to control, by 17% and 22% respectively (Fig. 2f).
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Fig. 2 Effects of invasive species treatments (Con = control; AcerN = A. negundo; AmorF = A. fruticosa; FraxP =
F. pennsylvanica; Mix = three-species mixture) on different soil parameters (a: organic matter; b: nitrogen; c:
carbon; d: carbon to nitrogen ratio; e: nitrifying bacteria) and plant community (f: plant diversity). Estimated means
and 95% ClI are shown.

Relationship among invasive species diversity, soil conditions and plant communities

The multivariate relationships among invasive species diversity, soil conditions and plant communities are
shown in Fig. 3. The sSPLS-DA results pertaining to the multivariate response of soil conditions to invasive species
treatments, further indicate that the first and second components explained 2.9% and 14% of the variance among
variables and 25.0% and 24.9% of variance among assemblages (Fig. 3a). In particular, N, C, NB and Om were
positively correlated (with 0.47, 0.40, 0.38 and 0.37 correlation values, respectively), while C:N ratio was
negatively correlated (a correlation of -0.43) with the first component. Moreover, Mg and CaCO3 were positively
correlated (with 0.38 and 0.24 correlation values, respectively), while S, DB and AL-P,Os were negatively
correlated (-0.46, -0.46 and -0.34) with the second component. The distribution of assemblages along the first
component reflected the actual treatments (R? = 0.80, Fs15s = 15.00, P < 0.001). The results yielded by the
regression analysis involving soil-condition loadings and invasive treatments indicate that control was most
negatively correlated with the first axis (5 = -1.97 £ 0.54, P = 0.002; -3.11 — -0.83 95% ClI), and this was the only
statistically significant correlation, whereas Mix treatment emerged as the most differential and critical one (8 =
5.28 £ 0.76, P < 0.001; 3.66-6.89 95% CI). The F. pennsylvanica (8 = 1.52 + 0.76, P = 0.063; -0.09-3.13 95%
Cl) and A. negundo (# = 2.46 + 0.76, P = 0.005; 0.85-4.01 95% CI) single-species treatments were also
significantly and marginally associated with the first axis, respectively, while A. fruticosa sites exhibited an
inconsistent trend (5 = 0.58 £ 0.76, P = 0.455; -1.03-2.19 95% CI).

When looking at the multivariate response of plant communities to invasive species treatment accounting for
differences in soil conditions, we found that soil conditions explained 57% of variance in plant species distribution

across invasive treatments (F7,12 = 1.74, P < 0.001; Fig. 3b). Similarly to previous results, sites were distributed
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following invasive treatments (P < 0.001) along the first axis (P < 0.001), with the control on one side (Xcontrol =
1.89) and invasive species on the other (xacer = -0.46, xamorpha = -0.53, xfraxinus = -0.50, xmix = -0.60). Two
constraining variables, Om (s = -0.49) and NB (s = -0.47) were negatively correlated, while CN (s = 0.35) was
positively correlated with the first axis. The plant species most strongly associated with control were Agropyron
repens (L.) P. Beauv., Agrostis stolonifera L., Cynodon dactylon (L.) Pers., Diplotaxis muralis (L.) DC., Mentha
pulegium L., Plantago media L., Plantago major L., Polygonum persicaria L., Rumex crispus L., Solanum nigrum
L., Taraxacum officinale (L.) Weber ex F.H.Wigg., Trifolium repens L., and Xanthium spinosum L. Species most
strongly associated with A. negundo treatment were Arctium lappa L., Gratiola officinalis L., Myosotis scorpioides
L. Rorippa sylvestris (L.) Besser, Stachys palustris L., and Solanum dulcamara L. Plant species most strongly
associated with Mix treatment were Convolvulus arvensis L., Galium aparine L., Vitis riparia subsp. longii W.R.

Prince & Prince, and Ulmus minor Mill. (saplings).
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Fig. 3 Multivariate relationships among invasive species diversity, soil conditions and plant communities.
(a) Biplot with two main axes of variation (43% explained variance) in whole soil conditions (dots linking
communities belong to the same treatment) in response to invasive treatments (orange: Control; pink: A. negundo;
blue: A. fruticosa; green: F. pennsylvanica; gray: Mix). (b) Biplot showing the effects of soil conditions (arrows)
on plant species distribution (omitted for clarity) across invasive treatments (red text). The first two axes explain
30% of variance.

Direct and indirect effect of invasion on biodiversity

Finally, we examined the direct and indirect effects of invasion on biodiversity (Fig. 4). The structural
equation model (model robustness P = 0.149) results further indicate that invasive richness exhibited negative
effects on both plant diversity (8 = -0.96 + 0.18, P < 0.001) and soil conditions (f = -1.01 + 0.44, P = 0.022).
Nevertheless, overall soil conditions had a neutral effect on plant diversity (§ = 0.11 + 0.43, P = 0.798).
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Fig. 4 Structural equation modelling addressing the direct and indirect effects of invasive species richness on plant
diversity. Blue arrows indicate negative, red arrows positive, and gray arrows neutral effects.

Discussion

The difference among invaded plots and uninvaded plots

The present study results indicate that differences in examined soil variables are associated with invasive
plant species diversity. Notably, the impact of co-occurring invasive plants on soil properties and native plant
species diversity significantly differs from the effect of single-species invasion. Our findings may be influenced
by positive interactions among A. negundo, F. pennsylvanica and A. fruticosa on soil factors and native plant
diversity. Longterm co-occurrence and simultaneous invasion of these three species on the studied site (Parabuc¢ski,
1972) indeed suggest their joint impact on accelerating invasion. Soils subjected to multiple invaders had
significantly higher concentration of carbon, nitrogen, organic matter and nitrifying bacteria, and significantly
lower carbon to nitrogen ratio, compared to non-invaded soils and those invaded by single species. These results
indicate that the magnitude of the invasion impact on soil chemical properties and nitrifying bacteria content
increases with multiple invader dominance.

Significant increase in the nitrifying bacteria quantity in invaded plots was detected in soils under annual
grasses (Hawkes et al., 2005; McLeod et al., 2016) as well as in soils under invasive woody shrubs (Coats, 2013),
compared to those under native plants. Even though we did not measure ammonium and nitrate soil concentrations,
increase in the number of nitrifying bacteria in the soils under invasive plants indicates greater concentrations of
these nitrogen available forms, and consequently contributes to the strengthening of competitive plant traits
(Laungani and Knops, 2009; Heberling and Fridley, 2013). Feedback between plant invaders and soil microbial
organisms resulting in plants securing their fitness power, is a tendency experimentally demonstrated for the
nitrification process (Wolfe and Klironomos, 2005, Lee et al., 2012). Although whether increased NB content is a
result of plant-microbial interactions, or plant-mediated changes in soil properties, remains to be established, our
findings suggest that increased NB content in the soil is the result, rather than the driver of invasion.

The increased carbon content in the soil of A. negundo (16%), F. pennsylvanica (13%) and Mix (24%)
plots and its slight increase in A. fruticosa plots (4%), support the general trend of invaders exerting direct influence
on soil processes by affecting nutrient inputs through litter decomposition (Wardle et al., 2004; Liao et al., 2008;
Lorenzo et al., 2010; PySek and Richardson, 2010; Vila et al., 2011; Si et al., 2013; Simberloff et al., 2013).
Changes in soil carbon storage have been shown to be greatly enhanced by invader grouping, and could be due to

a pronounced divergence in leaf and litter traits between native and invasive plants. Although we did not measure
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the physical and chemical leaf traits of studied species, which would enable us to predict litter decomposition rate
and identify transformer species (Richardson et al., 2000), our results indicate that investigated plants belong to
highly influential invaders, that are capable of modifying soil properties and nutrient cycling. Significant increase
in carbon soil content at co-invaded sites may lead to imbalance in natural soil carbon stock with long-term
consequences for ecosystem processes.

Nitrogen content increase compared to control was detected in A. fruticosa (3%), F. pennsylvanica (22%),
A. negundo (38%) and Mix (90%) treatments. Total nitrogen content in A. fruticosa plots, was comparable to that
in control plots, which is in accordance with the findings reported by Boscutti et al. (2020). These authors have
found no significant differences in soil nitrogen content among A. fruticosa plots and uninvaded plots, but have
found increased nitrification in soils under A. fruticosa, as our results have shown as well, through increased
number of nitrifying bacteria in A. fruticosa plots. Elevated nitrogen content has been previously reported for soils
under herbaceous invasive plants (Scott et al., 2001; Rodgers et al., 2008; Sanon et al., 2012) and woody shrubs
(Mahla and Mlambo, 2019). The significant nitrogen increase in Mix plots in our study may be attributed to a
higher leaf litter volume generated by A. negundo and F. pennsylvanica, which decomposes at a higher rate
compared to litter produced by native plants. On the other hand, more carbohydrates for nitrogen fixing bacteria
coming from high carbon input, may result in increased nitrogen soil content as well (Knops et al., 2002).

Considering that carbon and nitrogen are key macro elements, the influence of invasive plants on their
respective cycles affects biogeochemical cycles of other elements. Such effect is more pronounced under
prolonged invasion. Increasing soil nutrient levels, especially carbon and nitrogen, which would render the site
more prone to invaders (Ehrenfeld et al., 2001), is not a trait common to all plant invaders, but is rather a
characteristic of high-impact invaders, i.e., the strongest ecosystem modifiers, as shown by Jo et al. (2016).

Significantly higher increase in organic matter content in Mix plots, compared to single species invaded and
control plots, confirms the magnified impact of these species on soil properties when co-occurring. The markedly
increased organic matter content in Mix plots could also be attributed to a greater production of plant biomass and
the resulting higher decomposition rate.

Carbon, organic matter, and nitrogen content in Mix plot soils may be ascribed to the positive interaction
between A. negundo and F. pennsylvanica. As plant height positively correlates with the aboveground biomass
and leaf mass, it is reasonable to assume that A. fruticosa, being a shrub, contributes less than its tree neighbors
(A. negundo and F. pennsylvanica) to nutrient inputs through the leaf litter decomposition pathway.

Although native plant diversity decreased in single species-invaded plots relative to controls, the
reduction was much more pronounced in Mix plots, demonstrating greater cumulative impact of multiple invaders.

Native plant diversity decreases due to the adverse impact of invaders on soil properties and light availability,
which particularly decreased in Mix plots. Native species respond differently to invasion, and some are impacted
more than others depending on the invader and native species traits (Stinson et al., 2007; Hejda, 2013).

Our results indicate that, when subjected to multiple invasions, native plants are displaced more rapidly
compared to single species invasion. However, the findings reported by Lenda et al. (2019) counter our results, as
these authors provided evidence of a much lower cumulative impact of multiple invaders on native species
diversity compared to single species invasion. Such inconsistency in findings suggests that species-specific traits
of invaders play a pivotal role in affecting native plant diversity. Similarly to the results of Hulme and Bremner

(2006), a large number of native plants displaced by invaders in Mix plots are ruderal species.
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Relationship among invasive species diversity, soil conditions and plant communities

Significant differences in the soil variables, organic matter, nitrogen, carbon, carbon to nitrogen ratio, and
nitrifying bacteria among invasive species treatments indicate the complexity of interspecific interactions among
invasive plants.

Although soil variables characterizing A. negundo and F. pennsylvanica plots differed significantly from those
measured for control plots, the greatest differences were noted in soil variables pertaining to Mix plots, suggesting
enhanced impact of multiple invaders on soil characteristics.

Differences in soil conditions among investigated plots explained 57% of the variance in native plant
distribution across investigated plots, with organic matter and nitrifying bacteria exerting the greatest influence on

native plant distribution.

Direct and indirect effect of invasion on biodiversity

Correlative relationships among invasive plant richness, plant species diversity and soil conditions,
analyzed through structural equation modelling (SEM), suggest causality among invasive plant richness and soil
properties. Specifically, invasive species richness exerted a direct negative effect on native plant diversity and soil
properties.

According to our findings, combined impact of A. negundo, A. fruticosa and F. pennsylvanica decreased
native plant diversity and negatively affected soil properties, while soil conditions had a neutral effect on plant
diversity. Although negative relationship between native plant diversity and invasibility has been reported by other
authors (Brown and Peet, 2003; Hejda et al., 2009; Hulme and Bremner, 2006), their investigations primarily
focused on interactions between one invasive species and native vegetation.

As our findings have shown, combined impact of multiple invaders on native plants is driven by synergy
between individual species-specific traits. Consequently, co-occurrence of invasive species does not always
augment their impact on the ecosystem (Lenda et al., 2019).

Presence of Ulmus minor juveniles as well as Convolvulus arvensis in Mix plots is in line with Hejda’s (2013)
observation that juveniles of tree species and species possesing a taproot tend to be more prevalent in the invaded
vegetation and are least impacted by invasion.

The synergy among investigated invasive plants observed in the present study may help secure their long-
term persistence, which may accelerate soil modification and native species loss, while leaving soil legacy and
negatively affecting site restoration efforts. Thus, the results reported in this work can be considered when
predicting harmful effects of combined invasion, and may help in mitigation of their impact on riparian sites.

Further research with additional sites and species combinations is however needed to confirm our findings

and better understand invader interaction effects.

11


https://doi.org/10.1101/2021.04.30.442106

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.442106; this version posted April 30, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Acknowledgments

The authors acknowledge financial support of the Ministry of Education, Science and Technological Development
of the Republic of Serbia (Grant No. 451-03-9/2021-14/200358) and H2020 Project ANTARES, Grant No.
664387.

GL was supported by the Swiss National Science Foundation (P2ZHP3_187938).

We thank Csecserits Anikd, from the Institute of Ecology and Botany, Centre for Ecological Research, Alkotmany,
Hungary, for constructive discussions and suggestions.

12


https://doi.org/10.1101/2021.04.30.442106

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.442106; this version posted April 30, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References

Boscutti F, Pellegrini E, Casolo V, de Nobili M, Buccheri M, Alberti G (2020) Cascading effects from plant to
soil elucidate how the invasive Amorpha fruticosa L. impacts dry grasslands. Journal of Vegetation Science 31(4):
667-677.

Braun-Blanquet J (1964) Pflanzensoziologie: Grundzuge der VVegetationskunde. Springer, Wien-New York.

Brown RL, Peet RK (2003) Diversity and invasibility of southern Appalachian plant communities. Ecology 84:32—
39.

Coats VC (2013) Microbial Associates of Berberis thunbergii (Japanese barberry). Ph.D. dissertation, University
of Maine. Ann Arbor: ProQuest/UMI.

D'Antonio C, Ostertag R, Cordell S, Yelenik S (2017) Interactions Among Invasive Plants: Lessons from Hawai‘i.
Annual Review of Ecology, Evolution, and Systematics (48): 521-541.

Egner H, Riehm H, Domingo WR (1960) Untersuchungen tber die chemische Bodenanalyse als Grundlage fur
die Beurteilung des Nahrstoffzustandes der Boden, Il: Chemische Extractionsmetoden zu Phosphorund
Kaliumbestimmung. Kungliga Lantbrukshiigskolans Annaler 26: 199-215.

Ehrenfeld J (2001) Plant-soil interactions. Pages 689-709 in S.Levin, editor. Encyclopedia of Biodiversity.
Academic Press, San Diego, California, USA.

Ehrenfeld J, Stander EK (2010) Habitat function in urban riparianzones. In: Urban ecosystem ccology. Agronomy
Monographs 55. ASA, CSSA, SSSA, Madison, 103-118.

Flory SL, Bauer JT (2014) Experimental Evidence For Indirect Facilitation Among Invasive Plants. Journal of
Ecology 102:12-18.

Fox J, Weisberg S (2019) An R Companion to Applied Regression, Third edition. Sage, Thousand Oaks CA.
https://socialsciences.mcmaster.ca/jfox/Books/Companion/.

Glen AS, Dickman CR (2005) Complex interactions among mammalian carnivores in Australia, and their
implications for wildlife management. Biological Reviews (80): 387—401.

Hawkes CV, Wren IF, Herman DJ, Firestone MK (2005) Plant invasion alters nitrogen cycling by modifying the
soil nitrifying community. Ecology Letters (8): 976-985.

Heberling JM, Fridley JD (2013) Resource-Use Strategies of Native and Invasive Plants in Eastern North
American Forests. New Phytologist (200):523-533.

Hejda M (2013) Do species of invaded communities differ in their vulnerability to being eliminated by the
dominant alien plants? Biological Invasions 15(9): 1989-1999.

Hejda M, Pysek P, Jarosik V (2009) Impact of invasive plants onthe species richness, diversity and composition
of invadedcommunities. Journal of Ecology 97:393-403.

Hulme PE, Bremner ET (2006) Assessing the impact of Impatiens glanduliferaon riparian habitats: partitioning
diversity components following speciesremoval. Journal of Applied Ecology 43, 43-50.

Hulme P, Pysek P, Jarosik V, Pergl J, Schaffner U, Vila M (2013) Bias and error in understanding plant invasion
impacts. Trends in ecology and evolution 28 (4): 212-8.

Inderjit, Cadotte MW, Colautti Rl (2005) The ecology of biological invasions: past, present and future. In: Inderjit
(eds) Invasive Plants: Ecological and Agricultural Aspects. Birkhauser Basel.

ISO 10390:2005 Soil quality - Determination of pH

1ISO 10693:1995 Soil quality - Determination of carbonate content - Volumetric method

13


https://socialsciences.mcmaster.ca/jfox/Books/Companion/
https://doi.org/10.1101/2021.04.30.442106

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.442106; this version posted April 30, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

I1ISO 11464:2006 Soil quality - Pretreatment of samples for physico-chemical analysis

IUSS Working Group WRB (2014) World reference base for soil resources 2014. International soil classification
system for naming soils and creating legends for soil maps. In: World Soil Resources Reports. 106 FAO, Rome.

Jo |, Fridley JD, Frank DA (2016) More of the same? In situ leaf and root decomposition rates do not vary between
80 native and nonnative deciduousforest species. New Phytologist 209: 115-122.

Kourtev PS, Ehrenfeld JG, Haggblom M (2003) Experimental analysis of the effect of exotic and native plant spe-
cies on the structure and function of soil microbialcommunities. Soil Biology and Biochemistry 35: 895-905.

Knops JMH, Bradley KL, Wedin DA (2002) Mechanisms of plant species impacts on ecosystem nitrogen cycling.
Ecological Letters 5:454-466.

Kuebbing SE, Nufiez MA, Simberloff D (2013) Current mismatch between research and conservation efforts: the
need to study co-occurring invasive plant species. Biological Conservation 160: 121-129.

Kuebbing SE (2014) Impacts and Implications of Co-occurring Invasive Plant Species. PhD diss., University of
Tennessee.

Kuebbing SE, MA Nufiez (2015) Negative, neutral, and positive interactions among nonnative plants: patterns,
processes, and management implications. Global Change Biology 21:926-934.

Kuebbing SE, Nufiez MA (2016) Invasive non-native plants have a greater effect on neighbouring natives than
other non-natives. Nature Plants 12(2):16134.

Laungani R, Knops JMH (2009) Species-Driven Changes in Nitrogen Cycling Can Provide a Mechanism for Plant
Invasions. Proceedings of the National Academy of Sciences of the United States of America (106):12400—-12405.

Lee MR, Flory SL, Phillips RP (2012) Positive feedbacks to growth of an invasive grass through alteration of
nitrogen cycling. Oecologia (170): 457-465.

Legendre P, Legendre L (2012) Numerical ecology. Elsevier,Amsterdam
Lenda M, Skérka P, Knops J, Zmihorski M, Gaj R, Morofi D, Woyciechowski M, Tryjanowski P (2019)

Multispecies invasion reduces the negative impact of single alien plant species on native flora. Biodiversity
research 25:951-962.

Liao C, Peng R, Luo 'Y, Zhou X, Wu X, Fang C, Chen J, Li B (2008) Altered ecosystem carbon and nitrogen cycles
by plant invasion: a meta-analysis. New Phytologist 177: 706-714.

Lortie CJ, Filazzola A, Brown C, Lucero J, Zuliani M, Ghazian N, Haas S, Owen M, Butterfield HS, Nix E,
Westphal M (2021) Facilitation promotes plant invasions and indirect negative interactions. Oikos 00:1-6.

Lorenzo P, Rodriguez-Echeverria S, Gonzalez L, Freitas H (2010) Effect of Invasive Acacia dealbata Link on Soil
Microorganisms as Determined by PCR-DGGE. Applied Soil Ecology (44): 245-251.

Mahla N, Mlambo D (2019) Influence of two co-occurring invasive plant species on resident woody species and
surface soil properties in Chipinge Safari Area, Zimbabwe. Tropical Ecology (60): 129-139.

McLeod ML, Cleveland CC, Lekberg Y, Maron JL, Philippot L, Bru D, Callaway RM (2016) Exotic invasive
plants increase productivity, abundance of ammonia-oxiziding bacteria and nitrogen availability in intermountain
grasslands. Journal of Ecology 104(4): 994-1002.

Murphy J, Riley JP (1962) A modified single solution method for the determination of phosphate in natural waters.
Analytica Chimica Acta 27: 31-36.

14


https://onlinelibrary.wiley.com/doi/abs/10.1111/gcb.12711
https://doi.org/10.1101/2021.04.30.442106

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.442106; this version posted April 30, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin PR, O'Hara RB, Simpson GL,
Solymos P, Henry M, Stevens H, Szoecs E, Wagner H (2019) Vegan: Community Ecology Package. R package
version 2.5-5.

Parabuéski S (1972) Sumska vegetacija Koviljskog rita. Zbornik 42, Novi Sad.

Planty-Tabacchi AM, Tabacchi E, Naiman RJ, Deferrari C, Décamps H (1996) Invasibility of species rich
communities in riparian zones. Conservation Biology 10: 598-607.

Pisula NL, Meiners SJ (2010) Relative allelopathic potential of invasive plant species in ayoung disturbed
woodland. Journal of the Torrey Botanical Society 137(1): 81-87.

Pysek P, Prach K (1993) Plant invasions and the role of riparian habitats: a comparison of four species alien to
central Europe. Journal of Biogeography (20): 413-420.

Pysek P, Richardson DM (2010) Invasive species, environmental change and management, and health. Annual
Review of Environment and Resources (35):25-55.

Qu T, Du X, Peng Y, Guo W, Zhao C, Losapio G (2021) Invasive species allelopathy decreases plant growth and
soil microbial activity. PLoS ONE 16(2): e0246685.

Reaser J, Meyerson L, Cronk Q, De Poorter M, Eldrege L, Green E, Kairo M, Latasi M, Mack RN, Mauremootoo
J, Odowd D, Orapa W, Sastroutomo S, Saunders A, Shine C, Thrainsson S, Vaiutu L (2007) Ecological and
socioeconomic impacts of invasive alien species in island ecosystems. Environmental Conservation 34(2): 98—
111

Rodgers VL, Wolfe BE, Werden LK, Finzi AC (2008) The invasive species Alliaria petiolata (garlic mustard)
increases soil nutrient availability in northern hardwood-coniferforests. Oecologia 157: 459-471.

Rosseel Y (2012) lavaan: An R Package for Structural Equation Modeling. Journal of Statistical Software 48, 2.

Richardson DM, Pysek P, Rejmanek M, Barbour MG, Panetta FD, West CJ (2000) Naturalization and invasion of
alien plants: Concepts and definitions. Diversity and Distributions 6: 93-107.

Rohart F, Gautier B, Singh A, Lé Cao K-A (2017) mixOmics: An R package for ‘omics feature selection and
multiple data integration. PLoS Computational Biology 13: e1005752.

Sala OE, Chapin FS 3rd, Armesto JJ, Berlow E, Bloomfield J, Dirzo R, Huber-Sanwald E, Huenneke LF, Jackson
RB, Kinzig A, Leemans R, Lodge DM, Mooney HA, Oesterheld M, Poff NL, Sykes MT, Walker BH, Walker M,
Wall DH (2000) Global biodiversity scenarios for the year 2100. Science 287(5459):1770-4.

Sanon A, Beguiristain T, Cebron A, Berthelin J, Sylla SN, Duponnois R (2012) Differences in nutrient availability
and mycorrhizal infectivity in soils invaded by an exotic plant negatively influence the development of indigenous
Acacia species. Journal of Environmental Management (95): S275-S279.

Scott NA, Saggar S, Mcintosh PD (2001) Biogeochemical impact of Hieracium invasion in New Zealand’s grazed
tussock grasslands: sustainability implications. Ecological Applications 11:1311-1322.

Si CC, Liu XY, Wang CY, Wang L, Dai ZC, Qi SS, Du DL (2013) Different Degrees of Plant Invasion
Significantly Affect the Richness of the Soil Fungal Community. PLoS ONE 8 (12): e85490.

Simberloff D, Martin JL, Genovesi P, Maris V, Wardle DA, Aronson J, Courchamp F, Galil B, Garcia-Berthou E,
Pascal M, Pysek P, Sousa R, Tabacchi E, Villa M (2013) Impacts of biological invasions: what’s what and the way
forward. Trends in Ecology & Evolution, (28): 58—66.

15


https://doi.org/10.1101/2021.04.30.442106

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.442106; this version posted April 30, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Simberloff D, Von Holle B (1999) Positive interactions of nonindigenous species: invasional meltdown?
Biological Invasions (1):21-32.

Stinson K, Kaufman S, Durbin L, Lowenstein F (2007) Impacts of garlic mustard invasion on a forest understory
community. Northeastern Naturalist 14 (1): 73-88.

Stricker KB, Hagan D, Flory SL (2015) Improving methods to evaluate the impacts of plant invasions: lessons
from 40 years of research. AoB Plants 7: plv028l.

Tekiela D, Barney J (2017) Not All Roads Lead to Rome: A Meta-analysis of Invasive Plant Impact Methodology.
Invasive Plant Science and Management, 10(4): 304-312.

ter Braak CJF (1986) Canonical Correspondence Analysis: A New Eigenvector Technique for Multivariate Direct
Gradient Analysis. Ecology 67: 1167-1179.

Van Reeuwijk LP (2002) Procedures for soil analysis. Sixth edition, ISRIC FAO Technical Paper vol. 9,
International Soil Reference and Information Centre Wageningen.

Vila M, Espinar JL, Hejda M, Hulme PE, Jarosik V, Maron JL, Schaffner U, Sun Y, Pysek P (2011) Ecological
impacts of invasive alien plants: a meta-analysis of their effects on species, communities and ecosystems. Ecology
Letters (14):702—-708.

Vitousek PM, Walker LR (1989) Biological invasion by Myrica faya in Hawai’i: Plant demography, nitrogen
fixation, and ecosystem effects. Ecological Monographs (59): 247-265.

Walsh JR, Carpenter SR, Zanden MJV (2016) Invasive species triggers a massive loss of ecosystem services
through a trophic cascade. PNAS 113: 4081-4085.

Wardle DA, Bardgett RD, Klironomos JN, Setala H, van der Putten WH, Wall DH (2004) Ecological linkages
between above-ground and below-ground biota. Science (304): 1629-1633.

Wolfe BE, Klironomos JN (2005) Breaking new ground: soil communities and exotic plant invasion. Bioscience
55:477-487

Zhang Z, Liu Y, Brunel C, van Kleunen M (2020) Plant-soil feedback as a pathway of invasional meltdown.
bioRxiv. doi: 10.1101/2020.03.11.987867. PPR:PPR117152.

16


https://doi.org/10.1101/2021.04.30.442106

The impact of multiple speciesinvasion on plant communities and soil increaseswith invasive diversity

Vujanovi¢ Dusanka*, Losapio Gianalberto, Mili¢ Stanko, Mili¢ Dubravka

*BioSense Institute, University of Novi Sad, Dr Zorana Pindiéa 1, Novi Sad 21000; Serbia,
dusanka.vujanovic@biosense.rs

Supporting infor mation S1

Sample Coarse Fine sand % Silt % Clay % Texture class
sand %
1 1,94 44,10 39,72 14,24 Loam
2 2,89 44,27 38,84 14,00 Loam
3 1,07 68,53 23,20 7,20 Sandy loam
4 1,98 49,69 32,04 11,84 loam
5 2,35 43,77 40,48 13,40 loam
6 1,01 54,59 34,32 10,08 loam
7 1,48 58,16 30,28 10,08 loam
8 2,87 52,41 34,32 10,40 loam
9 2,16 58,24 30,72 12,88 loam
10 2,23 44,20 38,37 14,17 loam

Table S1: Soil texture
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Supporting infor mation S2

p.Con Ic.Con uc.Con  fB.AceN Ic.AcerN ucAcerN  B.AmorF Ic.AmorF uc.,?:mor p.FraxP lcFraxP  ucFraxP PMix lc.Mix uc.Mix
pH 8.23 8.12 8.33 -0.03 -0.18 0.13 -0.05 -0.2 0.1 -0.13 -0.29 0.02 -0.03 -0.18 0.12
CaCOs 2153 19.31 2374 1.66 -1.48 4.79 0.6 -2.53 3.73 1.14 -1.99 4.27 -0.12 -3.25 3.01
Om 1.92 1.47 2.36 0.63 0 1.26 0.06 -0.57 0.69 0.49 -0.14 112 1.02 0.39 1.65
ALP,0Os 1557 8.22 22.93 -10.57 -20.98 -0.17 -6.85 -17.26 3.56 -5.5 -15.91 4.91 -6.62 -17.03 3.78
ALKO 11.25 6.32 16.18 -0.23 -7.2 6.75 -0.32 -7.3 6.65 -1.02 -8 5.95 5.9 -1.07 12.87
N 0.13 0.1 0.16 0.05 0.01 0.09 0 -0.03 0.04 0.03 -0.01 0.07 0.12 0.08 0.15
© 3.87 3.55 4.19 0.62 0.17 1.07 0.14 -0.31 0.59 0.51 0.06 0.96 0.94 0.49 1.39
CN 29.94 26.59 33.29 -4.45 -9.19 0.28 0.1 -4.63 4.83 -1.55 -6.28 3.18 -10.26 -14.99 -5.53
S 0.06 0.04 0.08 0 -0.03 0.02 -0.02 -0.05 0 -0.01 -0.04 0.01 0 -0.02 0.03
Al 18955  14917.35 2299265 7025 -5007.6 6412.6 -860 -6570.1 4850.1 20 -5690.1 5730.1 1430 -4280.1 7140.1
Ca 37685 35456.19 39913.81 800 -2352.01 3952.01 2325 -2919.51 3384.51 1175 -3034.51 3269.51 -535 -3687.01 2617.01
Fe 20550 19106.26 21993.74 672.5 -1369.25 2714.25 860 -1181.75 2901.75 555 -1486.75 2596.75 1410 -631.75 3451.75
K 3722 2654.54  4789.46 -118.5 -1628.11 1391.11 -514.5 -2024.11 995.11 -174.5 -1684.11 1335.11 49.5 -1460.11 1559.11
Mg 14880  14079.06 15680.94 8375 -295.2 1970.2 752.5 -380.2 1885.2 802.5 -330.2 1935.2 840 -292.7 1972.7
NB 1844 -19632.38 23320.38 149525 -15419.69  45324.69 17342.25 -13029.94 4771444 10307.75  -20064.44  40679.94 62272 31899.81 92644.19

DB 1627805 687618 2567992 -572665 -1902290.2 756960.2 -1321387.5 -2651012.7  8237.7 -958002.5 -2287627.7 371622.7 -865872.25 -2195497.45 463752.95

Plant 2.64 2.37 2.89 031 0.72 0.09 -0.44 -0.87 -0.03 -0.34 -0.75 0.07 -0.59 -1.04 -0.16
diversity

Table S2: Summary of regression model of soil conditions (rows) in response to invasi ve species treatments (columns). Model parameters are indicated as # and 95% Cl estimates

as lower confidence level (Ici) and upper confidence level (uci). Treatments are control (Con), A. negundo (AcerN), A. fruticosa (AmorF), F. pennsylvanica (FraxP), and mix (Mix).
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