
plants

Article

Functional Diversity and Invasive Species Influence
Soil Fertility in Experimental Grasslands

Leonardo H. Teixeira 1,2,* , Florencia A. Yannelli 1,3, Gislene Ganade 2 and
Johannes Kollmann 1,4

1 Restoration Ecology, Department of Ecology and Ecosystem Management, Technical University of Munich,
Emil-Ramann-Str. 6, 85350 Freising, Germany; florenciayannelli@gmail.com (F.A.Y.);
jkollmann@wzw.tum.de (J.K.)

2 Department of Ecology, Center for Biosciences, Federal University of Rio Grande do Norte,
Senador Salgado Filho avenue, Natal/RN CEP 59078-900, Brazil; gganade@gmail.com

3 Jeschke group-Ecological Novelty, Department of Biology, Chemistry, Pharmacy, Institute of Biology,
Free University of Berlin, Königin-Luise-Str. 1-3, 14195 Berlin, Germany

4 Norwegian Institute of Bioeconomy Research (NIBIO), P.O. Box 115, 1431 Ås, Norway
* Correspondence: leonardo.htp@gmail.com

Received: 15 November 2019; Accepted: 23 December 2019; Published: 1 January 2020
����������
�������

Abstract: Ecosystem properties can be positively affected by plant functional diversity and
compromised by invasive alien plants. We performed a community assembly study in mesocosms
manipulating different functional diversity levels for native grassland plants (communities composed
by 1, 2 or 3 functional groups) to test if functional dispersion could constrain the impacts of an invasive
alien plant (Solidago gigantea) on soil fertility and plant community biomass via complementarity.
Response variables were soil nutrients, soil water nutrients and aboveground biomass. We applied
linear mixed-effects models to assess the effects of functional diversity and S. gigantea on plant
biomass, soil and soil water nutrients. A structural equation model was used to evaluate if functional
diversity and invasive plants affect soil fertility directly or indirectly via plant biomass and soil
pH. Invaded communities had greater total biomass but less native plant biomass than uninvaded
ones. While functional diversity increased nutrient availability in the soil solution of uninvaded
communities, invasive plants reduced nutrient concentration in invaded soils. Functional diversity
indirectly affected soil water but not soil nutrients via plant biomass, whereas the invader reduced
native plant biomass and disrupted the effects of diversity on nutrients. Moreover, invasive plants
reduced soil pH and compromised phosphate uptake by plants, which can contribute to higher
phosphate availability and its possible accumulation in invaded soils. We found little evidence for
functional diversity to constrain invasion impacts on nutrients and plant biomass. Restoration of
such systems should consider other plant community features than plant trait diversity to reduce
establishment of invasive plants.
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1. Introduction

The functional diversity of a plant community can be seen as a good predictor of ecosystem
functioning [1,2]. Increased functional diversity, measured by plant traits, positively affects
nutrient cycling and storage [3,4], increases soil fertility [4], and enhances plant productivity [5].
The complementarity resulting from plant functional diversity is an important driver of diversity-
productivity relationships, and this can lead to a more even use of limiting resources [1,6,7]. Therefore,
by controlling above and belowground biomass production and, consequently, nutrient retention and
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acquisition, plant traits can influence ecosystem productivity even when facing perturbations [8–10].
In the past decade, one of the most common perturbation sources is the invasion of degraded, restored
or native systems by exotic plants [11]. In most cases, the aforementioned ecosystem properties are
frequently impacted by invasive plant species [12], in both short and long term [13].

On one hand, functional diversity has been linked to the reduction of growth and spread of invasive
species [14] and also to the increase of biotic resistance of plant communities via resource depletion [11,15].
On the other hand, invasive species can reduce native plant biomass by competition [16,17], decreasing
nutrient uptake of native plants [18] and altering nutrient cycling, e.g., due to higher phosphorus
turnover [19,20]. Such impacts on soil nutrient balance potentially lead to positive feedbacks favoring
the persistence of invasive species, while hampering the recovery of disturbed native communities [21].

Ultimately, the successful invasion of plant communities could be defined by the capacity of some
invasives to produce more biomass than native species [22]. To achieve this goal, highly successful
invaders like Solidago gigantea can change soil nutritional conditions, e.g., by altering pH values and
nutrient availability in invaded soils [19], thus, limiting native plant germination and growth while
increasing its own biomass production [23]. However, functional diversity of native plants can buffer
the impacts of invasive species on ecosystem functioning [14,15]. For instance, higher functional
diversity has been linked to a reduction in soil acidity leading to a higher consumption of nutrients
by native species, reducing nutrient availability and exerting a strong control on soil fertility [24].
Therefore, increased biotic resistance would be expected due to marked competition and depletion of
limiting resources that would otherwise be used by the invader [15].

Although life strategies and other characteristics of invasive plants (e.g., larger size, higher
growth rate and resource-use acquisition) can influence their impact on invaded systems [12], it has
been pointed out that the effects of invaders on ecosystem functioning might not only depend on
its characteristics but rather on site conditions [23]. For instance, changes in land use have altered
species composition of mesic European grasslands in many regions, leading to alien plant invasion [25].
Furthermore, areas allocated for grassland restoration are often prone to the invasion of weeds and
other unwanted invasive species. Therefore, experiments with model grasslands are needed for
improving restoration methods and for designing plant communities that would be most efficient
in restoring invaded grasslands and resisting to their impacts [26]. Such experiments should test
functional diversity of seed mixtures and identify species that could reduce plant invasions [27].

Focusing on the impacts of an invasive plant species on plant community biomass and soil
nutrients when invading grasslands communities with different levels of diversity, we did a community
assembly experiment in mesocosms by manipulating native plants functional diversity (represented by
the number of functional groups composing the seed mixtures used for making up the communities)
and invasion by S. gigantea. For these communities, we used the functional dispersion index (Fdis; [28])
as a measure of functional diversity to test if biotic resistance will be increased by complementarity
effects, thus, reducing the impacts of invasive plants on productivity and soil fertility. Functional
dispersion indicates the degree in which plant species occupy the multidimensional trait space,
representing a community composed by functionally dissimilar species and, therefore, having higher
ecological niche occupancy [6,28]. Therefore, we hypothesized that: (i) Functional dispersion will
increase native plant biomass due to complementarity, thus increasing biotic resistance of grassland
communities because of higher niche occupancy. (ii) Functional diversity will bear a strong control
over soil fertility in uninvaded communities due to complementarily using resources and positively
affecting biomass of native plants, thus reducing nutrient availability and accumulation in the soil.
(iii) Invasive alien plants will increase productivity and soil fertility in invaded communities, while
reducing native plant biomass by competition. (iv) Invaded communities will lose the control of native
functional diversity on soil fertility due to the negative effects of the invader on native plants’ biomass.
Furthermore, by means of structural equation models (SEM) we investigated if the effects of plant
functional diversity and S. gigantea would be either direct on soil and soil water nutrients or indirectly
mediated by plant aboveground biomass and soil pH. Finally, we evaluated whether or not the direct
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and indirect effects of functional diversity on nutrients are negatively affected by S. gigantea. In other
words, we investigated if the control exerted by plant diversity would remain the same or would be
disrupted when comparing native and invaded communities (Figure 1).
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Figure S1). 

At the end of the experimental period, invaded communities had on average 26% more plant 
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communities: 10.8 ± 4.0 g of dry plant mass). In fact, presence of S. gigantea marginally increased total 

Figure 1. Hypothesised causal relationships of functional diversity of native plants, the invasive alien
Solidago gigantea, plant aboveground biomass and soil pH with soil nutrient availability and stocks for
(a) uninvaded [3–5,9,24] and (b) invaded communities [19,26,29,30]. Arrows represent unidirectional
relationships among variables, blue arrows show positive and red arrows show negative relationships.
Solid lines indicate significant paths (p ≤ 0.05), and dashed lines indicate marginally significant paths
(p ≤ 0.10), while transparent arrows represent non-significant paths (p > 0.10).

2. Results

2.1. Effects on Plant Emergence and Aboveground Biomass

Overall, native plant emergence was 26% higher when comparing uninvaded communities to
invaded ones (19.3 ± 3.97 [±SE] and 14.3 ± 2.20 emerged plants per tray, respectively). Emergence of
native plants was negatively affected by S. gigantea, but functional dispersion (Fdis) did not influence
native plant emergence (χ2 = 46.9, df = 7, p ≤ 0.001 for Solidago effects; χ2 = 0.004, df = 7, p > 0.10 for Fdis
effects; Figure 2a). Although no significant effects, we observed a trend for higher functional dispersion
to reduce native plants (Figure 2a) and S. gigantea emergence (Supplementary File 1; Figure S1).

At the end of the experimental period, invaded communities had on average 26% more plant
biomass than uninvaded ones (for invaded communities: 14.5 ± 4.3 g of dry plant mass; for uninvaded
communities: 10.8 ± 4.0 g of dry plant mass). In fact, presence of S. gigantea marginally increased total
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aboveground biomass of invaded plant communities, while functional diversity dispersion did not
(χ2 = 3.6, df = 7, p = 0.056 for Solidago effects; χ2 = 1.4, df = 7, p > 0.10 for Fdis effects; Figure 2b). On the
other hand, native plant biomass was on average 40% higher in uninvaded communities in comparison
to the biomass values found for invaded communities (10.8 ± 4.0 g and 6.4 ± 2.7 g, respectively).
We found aboveground biomass of native plants to be marginally positively affected by increased
functional dispersion (χ2 = 3.6, df = 7, p = 0.057; Figure 2c). Still, the influence of functional dispersion
on native plant biomass was only detected when plant communities were invaded by S. gigantea.
Additionally, native plant biomass was significantly negatively affected by the presence of S. gigantea
(χ2 = 11.2, df = 7, p ≤ 0.001). In fact, the presence of the invader reduced aboveground biomass of
native plants by 68% across all treatments (Figure 2c), while no effect of functional dispersion on
S. gigantea biomass was observed (F = 0.58, df = 8, p > 0.10, Supplementary File 1; Figure S1). Finally,
total emergence had no significant effects on total biomass (estimate = 0.001, t = 0.15), native biomass
(estimate = 0.01, t = 1.4) and S. gigantea biomass models (F = 0.01, df = 8, p > 0.10).
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= 4.0, df = 7, p ≤ 0.05; Figure 3d), while the concentration of calcium only marginally significantly 
increased with functional dispersion (χ2 = 3.2, df = 7, p = 0.07; Figure 3f). Soil water ammonium was, 
in turn, marginally significantly reduced due to the interaction between functional dispersion and S. 
gigantea in invaded communities under increasing functional dispersion (χ2 = 3.3, df = 8, p = 0.07; 
Figure 3c). Moreover, soil water phosphate was significantly reduced due to the presence of S. 
gigantea when comparing invaded and uninvaded communities with high values of functional 

Figure 2. Effects of functional diversity, represented by the functional dispersion (Fdis) index and
Solidago gigantea (S) on plants emergence and aboveground biomass; (a) shows native plant emergence
according to functional dispersion and the presence of the invasive alien plant, while (b) shows native
plant biomass in relation to functional dispersion and the presence of the invader; (c) shows plant
communities total aboveground biomass varying according to the functional dispersion and S. gigantea.
Aboveground biomass was collected at the end of the experiment (16 weeks), while emergence was
evaluated during the second week of the experimental period for each one of the communities, invaded
or not. For the dependent variables, chi-squared values are presented in the text (*** p ≤ 0.001; * p ≤ 0.05;
p ≤ 0.10).

2.2. Direct and Indirect Effects of Functional Diversity and S. gigantea on Nutrients

Functional diversity (measured by functional dispersion) increased nutrient concentration in
soil water of uninvaded communities by 14% on average in comparison to invaded communities
when considering all nutrient forms (Figure 3). However, linear mixed-effects models revealed that
from the six macronutrients measured, functional dispersion significantly increased only in two
macronutrients. Sulfate and potassium concentrations were significantly increased under increasing
functional dispersion of native plants (for sulfate: χ2 = 5.4, df = 7, p ≤ 0.05; Figure 3b; for potassium:
χ2 = 4.0, df = 7, p ≤ 0.05; Figure 3d), while the concentration of calcium only marginally significantly
increased with functional dispersion (χ2 = 3.2, df = 7, p = 0.07; Figure 3f). Soil water ammonium was,
in turn, marginally significantly reduced due to the interaction between functional dispersion and
S. gigantea in invaded communities under increasing functional dispersion (χ2 = 3.3, df = 8, p = 0.07;
Figure 3c). Moreover, soil water phosphate was significantly reduced due to the presence of S. gigantea
when comparing invaded and uninvaded communities with high values of functional dispersion
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(χ2 = 15.4, df = 7, p ≤ 0.001; Figure 3a). Finally, S. gigantea marginally significantly reduced potassium
concentrations in the soil water (χ2 = 3.1, df = 7, p = 0.08; Figure 3d), while soil water magnesium was
not affected by functional dispersion (χ2 = 0.05, df = 7, p > 0.10) nor by S. gigantea (χ2 = 0.001, df = 7,
p > 0.10; Figure 3e).
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Figure 3. Effects of functional dispersion (Fdis) and Solidago gigantea (S) on soil water macronutrients
measured from the grassland communities. Figures show six macronutrients that are important
for plant growth and are directly controlled by plants: (a) phosphate; (b) sulfate; (c) ammonium;
(d) potassium; (e), magnesium; and (f), calcium. For the dependent variables, chi-squared values are
presented in the text (*** p ≤ 0.001; * p ≤ 0.05; p ≤ 0.10; ns p > 0.10).

Overall, invaded communities had 54% less nutrients in the soil than uninvaded ones when
considering all nutrient forms across the functional dispersion values. Functional diversity (measured
by functional dispersion) did not control soil nutrients in the mesocosms (Figure 4), except for soil
phosphate in uninvaded communities that was marginally increased under increasing functional
dispersion (χ2 = 3.5, df = 7, p = 0.06; Figure 4a). Differently, the presence of S. gigantea reduced
concentrations in the soil for four out of six macronutrients measured (Figure 4c–f). While soil
ammonium concentration increased in invaded communities with high values of functional dispersion
(χ2 = 7.0, df = 7, p ≤ 0.01; Figure 4c), potassium (χ2 = 4.6, df = 7, p ≤ 0.05; Figure 4d), magnesium
(χ2 = 10.4, df = 7, p ≤ 0.01; Figure 4e) and calcium (χ2 = 7.5, df = 7, p ≤ 0.01; Figure 4f) concentrations
were significantly reduced in the soil of invaded communities independently of functional dispersion.
Finally, soil sulfate concentration was not affected by functional dispersion (χ2 = 2.0, df = 7, p > 0.10)
nor by S. gigantea (χ2 = 0.83, df = 7, p > 0.10; Figure 4b).
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Figure 4. Effects of functional dispersion (Fdis) and Solidago gigantea (S) on the macronutrients measured
in the soil of the grassland communities. Figures show six macronutrients that are important for plant
growth and are directly controlled by plants: (a), phosphate; (b), sulfate; (c), ammonium; (d), potassium;
(e), magnesium; and (f), calcium. For the dependent variables, chi-squared values are presented in the
text (** p ≤ 0.01; * p ≤ 0.05; p ≤ 0.10; ns p > 0.10).

The structural equation models indicated that functional dispersion of native communities
indirectly controlled soil water nutrients via plant biomass (Figure 5a,b). In fact, functional dispersion
positively controlled aboveground biomass in uninvaded communities (estimate = 0.211, p ≤ 0.05;
Figure 5a,c). In both, invaded and uninvaded communities, functional dispersion did not directly
affect soil water nutrients except for positive effects on soil water potassium in uninvaded communities
(estimate = 0.366, p ≤ 0.05; Figure 5a).

For native communities, aboveground biomass negatively affected soil water phosphate (estimate
= −0.877, p ≤ 0.001), sulfate (estimate = −0.750, p ≤ 0.01), potassium (estimate = −0.691, p ≤ 0.05)
and magnesium (estimate = −0.689, p ≤ 0.05), while soil pH positively affected calcium availability
(estimate = 0.195, p ≤ 0.05; Figure 5a). For invaded communities, presence of S. gigantea disrupted the
effect of functional dispersion on aboveground biomass and created a negative effect of biomass on soil
pH (estimate = −0.716, p ≤ 0.01; Figure 5b,d). As a consequence, effects on soil water macronutrients
were altered (Figure 5b). By the influence of S. gigantea, biomass control of soil water phosphate was
reduced nearly by half (estimate = −0.471, p ≤ 0.05), while biomass control of soil water potassium
remained similar (estimate =−0.642, p≤ 0.01). However, S. gigantea disrupted direct effects of functional
dispersion on soil water potassium and biomass control of soil water sulfate and magnesium. Moreover,
in invaded communities, positive effects of soil pH on soil water calcium were lost, and a marginal
negative effect of biomass occurred in turn (estimate = −0.442, p = 0.06; Figure 5b).

Most of the nutrients in the soil of native communities were not affected by functional dispersion,
with the exception for a positive effect on soil phosphate (estimate = 0.352, p ≤ 0.05) and a marginal
negative effect on soil ammonium (estimate = −0.210, p = 0.06; Figure 5c). For invaded communities,
negative influence of biomass on soil pH induced by S. gigantea resulted in an indirect effect of
aboveground biomass on soil nutrients via soil pH (Figure 5d). In fact, soil pH marginally negatively
affected soil sulfate (estimate =−0.746, p = 0.06) and significantly negatively affected potassium (estimate
= −0.757, p ≤ 0.05), magnesium (estimate = −0.748, p ≤ 0.05) and calcium (estimate = −0.834, p ≤ 0.01).
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Figure 5. Structural equation model (SEM) for the effects of functional dispersion and Solidago gigantea
on the macronutrients in the soil water fraction (a,b) and in the soil of the grassland communities
(c,d). Unidirectional relationships among variables are represented by the arrows, and path coefficients
indicate the strength of the correlations [31]. Arrow thickness reflects scaled values of coefficients
and solid arrows represent significant effects (p ≤ 0.05). Blue arrows represent positive and red
arrows negative effects. Dotted arrows show marginally significant (p ≤ 0.1) and transparent arrows
non-significant effects (p > 0.10).

3. Discussion

3.1. Effects on Plant Emergence and Aboveground Biomass

Our findings did not support the idea that increased functional diversity of native plants (measured
by functional dispersion) could constrain invasion impacts by enhancing competitive interaction
with invasive plants or due to an exhaustive use of limiting resources resulting from greater native
plant biomass [14,15]. While the emergence of native plants was compromised by the presence of
invasive plants, we only found a weak trend for emergence of S. gigantea to reduce in communities
with higher functional dispersion (Supplementary File 1; Figure S1). In fact, previous results found
invasive plants emerging earlier than native species, thus altering conditions in the invaded soils
and impacting native plant emergence [32]. Such pattern can create a window of opportunity for
invasive species to outcompete native species during early stages of invasion [11]. Though our findings
indicate that functional dispersion did not increase biotic resistance to constrain S. gigantea invasion
impacts, there is ample evidence that justifies the inclusion of functional diversity aspects in grassland
restoration [15,33].

We observed that the presence of S. gigantea marginally increased total aboveground biomass of
invaded plant communities, while functional dispersion did not. Such results indicate that S. gigantea
can initially increase productivity of invaded communities. However, if considered in the long term,
effects of this invasive species on native plants emergence rates and biomass production can reduce
diversity of invaded communities by competitive exclusion of native species, thus deteriorating biotic
resistance of such communities and, possibly, creating opportunities for further invasions [18,19,23].
Furthermore, a recent study found an invasive plant to strongly affect the functional composition of
native communities during early stages of development [34].
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In our experiment, presence of S. gigantea negatively affected native plant biomass, independently
of the community functional diversity, even if there was a marginal increase on the total aboveground
biomass of invaded communities. Thus, our study points to a suppression effect of S. gigantea due
to more biomass and an increased nutrient turnover [18,19,21,23]. Competitive effects of invasive
plants on native species can be stronger than vice versa [17], which was confirmed in our study since
S. gigantea negatively affected native plants, but the opposite was not observed. Although native and
invasive alien plants were sown with different seed densities (3 g m−2 and 1 g m−2, respectively),
S. gigantea seeds are much smaller than the seeds of the native species used here. Thus, the actual
number of seeds per area was probably higher for S. gigantea perhaps leading to higher potential
emergence of invasive plants. Finally, our results agree with other studies showing that S. gigantea
produce more biomass than native species in invaded sites [29,35].

3.2. Direct and Indirect Effects of Functional Diversity and S. gigantea on Soil Fertility

Previous studies showed plant functional diversity to be directly related to increased nutrient
availability in the soil solution (i.e., soil water sulfate, potassium and calcium) as well as to increased
soil phosphate [32,36,37]. Such findings can be explained by the complementarity effects of plant
diversity on nutrients, thus, reinforcing the need for restoring functional diversity in degraded
grasslands. Contrarily, the structural equation models presented here indicated that plant functional
diversity indirectly controlled nutrient concentrations in the soil solution via biomass production,
potentially reducing nutrient availability by consumption. This pattern can be explained by the
diversity-productivity relationship, in which the higher biomass production would lead to an increasing
ability of plants to explore, acquire and store nutrients [38]. Plants acquire different nutrient portions
from distinct nutrient types as biomass production increases with diversity [3,39]. Therefore, it is less
likely that plants from functionally diverse communities will contribute to the exhaustion of single
nutrients because having higher ecological niche differentiation and occupancy, particularly, at smaller
scales when competitive interactions drive species performances and ecological differences play an
important role [40,41]. Furthermore, plant diversity can positively influence soil fertility not only by
complementarily using soil resources but also by having a strong positive effect on litter quality due to
producing an organic matter pool, which will be more chemically and biologically labile [42].

In turn, presence of S. gigantea disrupted the effect of functional diversity on plant biomass
and reduced phosphate consumption by almost 50% in the invaded communities, which can lead
to phosphate accumulation in invaded soils [19,20,23]. Further, the reduction in calcium availability
found in invaded communities can compromise native plant biomass production in the long term.
Such changes in soil water calcium and phosphate could be significant factors reinforcing S. gigantea
invasion success. Moreover, the successful invasion of S. gigantea can also result from impacting soil
nutrients through its effects on soil pH [18,19]. Invasive plants can strongly affect concentrations of both
anion and cation in invaded soils [12]. Indeed, concentrations of sulfate, potassium, magnesium and
calcium in invaded soils were indirectly negatively affected by S. gigantea via the effects of aboveground
biomass on soil pH, corroborating the expected effects of invasive plants on nutrient cation forms [12].

Our findings seem to contradict the idea that invasive plants increase soil fertility in invaded
sites [19,20,23,34]. On one hand, such pattern can be partially explained by an increased consumption
effect resulting from the addition of S. gigantea plants in our artificially invaded communities.
This indicates that Solidago plants might adopt a strategy of high nutrient consumption during
early stages of invasion to outcompete native plants in terms of biomass production. On the other
hand, if considering a long-term perspective, S. gigantea plants might increase soil nutrient levels due
to the recycling of organic matter with high nutrient content. Although not assessed here, S. gigantea is
known to increase mineralization rates and to have a higher nutrient uptake rate as well as nutrient-use
efficiency [19,20]. Such effect caused by S. gigantea might corroborate the argument for a strong
depletion of nutrients in early stages with a high nutrient turnover in the long term.
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Our work identified initial impacts of plant invasions on grassland communities. Nevertheless,
short-term effects of invasive plants on ecosystems can be less pronounced than long-term effects [13].
Thus, our results need to be complemented by long-term assessments to fully understand how invasive
plants influence ecosystem functioning in restored grasslands.

4. Material and Methods

4.1. Plant Trait Selection and Functional Groups

Functional group classification was performed according to Yannelli et al. (2017) [37] and resulted
in three different functional groups (Figure S2). We used trait information for 54 native grassland species
(Table S1). We selected eight traits known as good proxies for species dispersal, establishment success,
growth, persistence and competitive ability [33,43,44], i.e., specific leaf area (SLA; g cm−2), leaf dry matter
(mg), life form, shoot morphology, root morphology, canopy height at maturity (m), seed mass (g) and
longevity. While SLA, canopy height at maturity and seed mass can be correlated with competition [45]
and invasiveness [46]; longevity (i.e., annual or perennial plants), life form and morphological aspects
can be related to temporal and spatial niche overlap or differentiation [36] as well as to temporal
resource acquisition [47]. Leaf dry matter, in turn, can account for rates of nutrient mineralization [48,49].
Functional trait information was obtained from BiolFlor [50,51] and LEDA databases [52].

Finally, for making sure that the functional composition of the mesocosms (functional group,
FG 1–3) resulted in plant communities with increasing levels of functional diversity, we calculated
functional dispersion and redundancy indexes [28,53] and correlated such indexes to functional group
classification using a linear regression model. Details on functional groups clustering and on the
calculation of functional diversity indexes can be found in the Supplementary material (Supplementary
File 2, Table S1; Figure S2, Table S2; Figure S3).

4.2. Experimental Design

The mesocosm experiment had a randomized block design, started in late November 2013 and
ran over 16 weeks within the Centre of Greenhouses and Laboratories Dürnast, Technical University of
Munich (48◦ 24′ N, 11◦ 41′ E). The experiment was conducted in a heated greenhouse using plastic
trays with 48.2 × 33 × 6.2 cm3, i.e., approximately 0.16 m2 of area and 0.0098 m3 of volume. Trays
were filled with circa 9.8 l of potting soil consisting in a mixture of peat, quartz sand and clay powder
(2:1:1, Floragard Vertriebs GmbH in Oldenburg, Germany), arranged within five blocks. Artificial light
was provided during 16 h per day (4–15 ± 0.5 lux); daily temperatures were 16–21 ◦C. Plants were
watered every two days using tap water with the following anion content, i.e., 38.7 µg L−1 chloride,
0.0001 µg L−1 nitrate, 15.9 µg L−1 phosphate and 28.9 µg L−1 sulfate.

We used a factorial design with six treatment combinations: communities with three levels of
functional diversity (1, 2 or 3 functional groups), with and without the invasive alien species S. gigantea
(+S, −S). A control treatment (bare soil) was also established to assess soil nutrient conditions without
plant influence. Functional group composition was randomly selected for each replicate. The grassland
communities were designed by randomly selecting nine species from a regional pool of native plants
according to the number of functional groups in each treatment. If two species from the same genus
were selected by chance, one was replaced by another species from the same group (see Supplementary
File 2 for community composition).

The invasive perennial plant, S. gigantea (Asteraceae), native to North America, was selected as a
model species because it is a widespread and successful invader in Central Europe [19,29]. The species
invades a broad range of habitats in Europe, from drylands to wetlands and from nutrient-poor to
nutrient-rich sites [26,35]. Seed sowing was carried out at a density of 3 g m−2 for the native target
community and 1 g m−2 for S. gigantea. Densities for the native species correspond to common practice
in grassland restoration for central Europe [54]. All treatment combinations were replicated five times,
with a total of 40 trays.
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4.3. Measurements

Treatment effects were evaluated by taking samples of soil and soil water during the experimental
period. Five soil samples (0–5 cm depth) were collected at each mesocosm combination 5 weeks after
sowing and mixed up to a single bulk. One sample was taken at each corner and one at the center of the
mesocosms [29]. All soil samples were kept at −4 ◦C for 3 weeks when they were dried at 75 ◦C for 48 h,
before preparation for the analysis. Subsamples (5 g) from the collected soil were taken and diluted in
100 mL of distilled water (1:20 dilution) for aqueous extraction of the soil nutrients to be analyzed.
From this, 10 mL of the solution was centrifuged during a 10-min period. Furthermore, 8 mL from the
centrifuged soil solutions was pipetted into plastic polyvials and frozen again for later analysis.

Soil water samples were collected 8 weeks after sowing using suction cups (2.5 mm diameter mini
plastic suction cups—ecoTech GmbH). Soil water was collected during a 70-h period with a vacuum
pump. For soil and soil water samples, the contents of ammonium, calcium, magnesium, phosphate,
potassium and sulfate were determined using the Dionex ICS-1600 Ion Chromatography System
(Thermo Fisher Scientific Inc., Waltham, MA, USA). Nutrient availability or accumulation resulting
from the diversity and/or invasive species effects in each mesocosm was determined by subtracting the
concentrations in the soil and soil water samples of the different communities from the concentrations
obtained in the control (bare soil) mesocosms in the same period. Finally, soil reaction was measured
with a pH meter (pH 196—WTW), to identify the potential for ion exchange between soil and plants.

Native and S. gigantea plant emergence was evaluated one week after sowing. A rectangular
grid (30.5 × 46 cm2) divided by three columns and five rows (15 plots) was placed above the trays
and five plots of this grid were randomly selected. The number of emerged plants for each selected
plot was counted. Competition effects among plants were evaluated 16 weeks after seed sowing by
collecting aboveground biomass for both native and invasive species. This was done by harvesting
all aboveground plants (from 1 cm above soil surface), then placing native and invasive species in
different paper bags. All samples were dried at 65 ◦C for 48 h and weighted immediately after.

4.4. Statistical Analysis

A linear mixed-effect model with block and species composition as random effects and the
likelihood ratio test (LRT) implemented by the package lme4 [55] was applied to test for effects of
functional dispersion (Fdis), invasive species presence, and their interaction on native plant emergence
and aboveground biomass as well as on soil and soil water nutrients. The same model was applied to
check for the effects of S. gigantea on total aboveground biomass of plant communities. Total plant
emergence was used as covariate in the biomass models to control for possible density effects of emerged
plants. Native plant biomass and total aboveground of plant communities were log-transformed
before running the models. The effect of increasing functional diversity on biotic resistance was tested
against S. gigantea aboveground biomass (log-transformed values) and emergence (Supplementary
File 1; Figure S1) by applying a linear mixed-effects model with block and species composition as
random terms using the package nlme in R [56].

Finally, to test if effects of functional diversity and S. gigantea on resource capture of the plant
communities were direct or indirect, we calculated a structural equation model (SEM) using the package
piecewiseSEM in R [31]. We evaluated if diversity effects would cascade through plant biomass and soil
pH before they affect soil and soil water nutrients. This analysis allows statistically testing the causal
relationships among variables by multilevel path models [57,58]. SEM models were implemented
using mixed-effects structure of analysis (LME) to incorporate block as a random effect [31]. Statistical
analyses were performed using R Statistical Computing version 3.3.1 [59].

5. Conclusions

Our results from a mesocosm experiment indicate that plant functional diversity partially controls
soil fertility in grassland communities. However, functional diversity could not prevent impacts of
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the invasive S. gigantea on the plant community. The invasive species can compromise long-term
functioning of grasslands since it interferes with community biomass, nutrient availability and stocks
in the soil of invaded systems. Further experiments should test different plant traits and species to
overcome the ecological strategies of S. gigantea, thus reducing its invasion success.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/1/53/s1.
Figure S1: Functional classification for a set of 54 grassland plant species by trait similarity into three functional
groups. Figure S2: Regression analysis for the functional dispersion and functional redundancy indexes [28,52].
The figures show the functional dispersion index (a) and the functional redundancy index (b) according to the
number of functional groups composing the experimental communities and the correlation between functional
dispersion and functional redundancy (c). Figure S3: Effects of functional dispersion on Solidago plants emergence
and aboveground biomass. Figure (a) shows S. gigantea emergence, while (b) represents results for S. gigantea
biomass varying according to the functional dispersion index. Aboveground biomass was collected at the end
of the experiment (16 weeks), while emergence was evaluated during the second week of the experimental
period for each one of the communities, invaded or not. For the dependent variables, F-values are presented
in the text (*** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05; p ≤ 0.10; ns p > 0.10). Table S1: Functional trait characteristics
for each functional group. Values of quantitative functional traits represent mean (±SD). Table S2: Functional
trait characteristics of the native species occurring in the mesocosm communities used for the calculation of the
functional dispersion index. Zero (0) and 1 values represent the presence/absence of categorical functional traits.
Quantitative functional traits are represented by mean values for each species. Species relative abundances were
determined by multiplying the 3 g m−2 of native species sown (i.e., 0.48 g of seeds which means, approximately,
0.054 g for each one of the native species present) by its mean seed mass to obtain the number of seeds per native
species. Mean seed mass information (given in mg) was obtained from BiolFlor database [48,49]. For the species
Buphthalmum salicifolium L. we used the thousand seed mass obtained from Rieger-Hofmann GmbH (Catalogue
2016/2017) to calculate the mean seed mass.
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