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Abstract: Despite the ubiquity of multiple plant invasions, the underlying mechanisms of
invasive-invasive interactions remain relatively unknown. Given the importance of plant–soil
feedback (PSF) in contributing to single species invasions, it may be an important factor influencing
invasive–invasive species interactions as well. PSF between multiple invaders has rarely been
examined, but could inform the nature of invasive–invasive interactions and advance understanding
of how multiple invaders impact plant communities. Alternative mechanisms of plant invasions
include novel weapons and enemy escape. We develop graphical PSF predictions based on these
mechanisms and other possible invasive–invasive dynamics. Comparing these predictions to observed
results is a first step in interpreting PSF among co-occurring invasive species. We illustrate this with a
case study of net pairwise PSF among three common invaders of tallgrass prairie: Lotus corniculatus
(birdsfoot trefoil), Phalaris arundinacea (reed canarygrass), and Cirsium arvense (Canada thistle).
We found that feedback among all pairwise combinations of these invasive species was neutral.
Neutral feedback can arise from a mutual lack of soil borne pathogens, consistent with the enemy
escape hypothesis, although we cannot rule out shared benefit from generalist mutualists. While both
facilitative and competitive interactions among these three species have previously been shown, our
data suggest that such interactions are unlikely to operate through a legacy effect of PSF. Our results
inform follow-up PSF experiments that would help to confirm the existence and nature of PSF
interactions among these species.

Keywords: co-occurring invasive species; plant–soil feedback; invasive–invasive interactions; enemy
escape; invasive feedback; invasive plants; community dynamics

1. Introduction

Given the scale and scope of plant invasions [1], ecosystems are commonly co-invaded by multiple
exotic species [2]. Despite this ubiquity of co-occurring invasions, the field of invasion biology has
been dominated by research and theory on single species invasions, and attention to the mechanisms
and impacts of co-occurring invasive species is a critical frontier [2,3]. A diversity of invasive–invasive
interactions have been observed, including facilitative [4,5], competitive [6], and neutral [7] interactions,
with varying impacts on the native community [8,9]. The underlying mechanisms of invasive–invasive
interactions are not well understood and an ability to predict when interactions may be facilitative vs.
competitive vs. neutral is lacking. Given that plant–soil feedback (PSF) has been implicated as a key
driver of single species plant invasions [10–12], it may thus be an important mechanism influencing
the nature of invasive–invasive species interactions.

Plant–soil feedback (PSF) occurs when plants change the abiotic and/or biotic conditions of their
soil, which in turn affects the success of con- and heterospecific plants [13,14]. PSFs have substantial
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implications for community composition and invasion dynamics. Often, native species produce
negative PSF, a stabilizing force promoting species’ coexistence, which allows for diverse communities
to persist over time [14–16]. In contrast, invasive species often benefit from neutral to positive feedback,
where neutral feedback can be attributed to pathogen escape (in accordance with the enemy escape
hypothesis) and positive feedback can stem from the ability to associate with more generalist beneficial
mutualists (enhanced mutualism) [11,12,15,17]. If an invasive species exhibits neutral or positive
feedback, especially when competing against native plants experiencing negative feedback, it is likely
to increase its presence in the community over time, leading to dominance [12,17,18]. These outcomes
have been demonstrated when conducting PSF studies between multiple native species, or with a
native and a single invader [19].

To date, PSF between multiple invaders has rarely been examined, but could shed light on the
nature of invasive–invasive interactions. Here, we focus on net pairwise feedback, which examines the
growth of two species in their own and in the other’s soil and can inform how plants impact each other
in communities [14]. For example, positive invasive–invasive net pairwise PSF is a destabilizing force
that would predict local competitive exclusion among co-occurring invasive species [14,20]. A few
PSF studies have included multiple invasive species, finding varying degrees of evidence for positive
invasive–invasive feedback. In a deciduous forest system, there was clear evidence of positive PSFs
between three co-occurring invasive shrubs [21]. When comparing PSFs in rare versus invasive plants
of Canadian old-fields, invasive species were found to experience positive feedback in self-conditioned
soil relative to other-conditioned soil, although the ‘other’ soil treatment was a combination of both
native- and invasive-trained soils [11]. In a xeric shrubland in Brazil, arbuscular mycorrhizal fungi
isolated from the roots of four invasive plant species (and then pooled) significantly promoted all of
the invasive species to varying degrees [22]. While these studies begin to address PSFs among invasive
species, only Kuebbing et al. considered net pairwise feedback between invaders [21].

We can theorize about the possible outcomes of a net pairwise feedback study among invasive
species. If each species grows best in conspecific soil (positive PSF dynamics), possible explanations for
this pattern could be that each species possesses novel weapons that negatively impact heterospecifics
disproportionately and/or competition for limiting soil resource(s) (Figure 1a). Alternatively, if each
species grows better in soil trained by heterospecifics (negative PSF dynamics), this could indicate
that the species are niche-partitioned, or possibly that there is some mechanism of joint facilitation,
such as reciprocal promotion of host-specific soil mutualisms (Figure 1b). If both species respond
similarly to con- and heterospecific soil types—indicative of neutral PSF dynamics—this could be
due to both invasives having escaped soil-borne pathogens (mutual enemy escape), to generalist soil
mutualists (mutual enhanced mutualism) or possibly to a nitrogen fixer facilitating both species equally
(Figure 1c). Explicit tests of net pairwise PSF among co-occurring invasive species are needed in order
to explore the possible range of PSF dynamics, search for patterns, and build the capacity to predict the
outcomes of co-occurring invasions.

The aim of this study was to contribute to understanding the role of PSFs in co-occurring invasive
species dynamics. We conducted a net pairwise PSF study of three perennial plant species that
commonly invade grasslands, including tallgrass prairie restorations. Prior work with these three
species has demonstrated that the nitrogen fixer, Lotus corniculatus, has a facilitative effect on both
of the other invaders, Phalaris arundinacea and Cirsium arvense [8]. Conversely, P. arundinacea and
C. arvense compete with each other and have a negative impact on L. corniculatus when co-occurring [8].
This study sought to investigate whether these invasive–invasive interactions were mediated by
plant-soil interactions, either microbial or abiotic.
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Figure 1. Theoretical outcomes of invasive-invasive net pairwise plant-soil feedback could potentially 
include (a) positive feedback due to novel weapons and/or competition for limiting soil resource(s), 
(b) negative feedback indicative of niche partitioning or joint facilitation, or (c) neutral feedback due 
to mutual enemy escape and/or generalist soil mutualists (solid horizontal lines) or facilitation by a 
nitrogen fixer (dashed lines). 

The aim of this study was to contribute to understanding the role of PSFs in co-occurring 
invasive species dynamics. We conducted a net pairwise PSF study of three perennial plant species 
that commonly invade grasslands, including tallgrass prairie restorations. Prior work with these 
three species has demonstrated that the nitrogen fixer, Lotus corniculatus, has a facilitative effect on 
both of the other invaders, Phalaris arundinacea and Cirsium arvense [8]. Conversely, P. arundinacea and 
C. arvense compete with each other and have a negative impact on L. corniculatus when co-occurring 
[8]. This study sought to investigate whether these invasive–invasive interactions were mediated by 
plant-soil interactions, either microbial or abiotic.  

2. Materials and Methods  

2.1. Overview 

A two-phase pairwise plant–soil feedback experiment [14] was conducted. In Phase I, live prairie 
soil was trained by monocultures of invasive species for 20 weeks. In Phase II, seedlings of each 
invasive species were individually grown in soil that had been trained by con- and heterospecific 
plants.  

2.2. Phase I: Soil Conditioning 

To expose plants to a representative soil microbial community, live prairie topsoil was mixed in 
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Figure 1. Theoretical outcomes of invasive-invasive net pairwise plant-soil feedback could potentially
include (a) positive feedback due to novel weapons and/or competition for limiting soil resource(s),
(b) negative feedback indicative of niche partitioning or joint facilitation, or (c) neutral feedback due
to mutual enemy escape and/or generalist soil mutualists (solid horizontal lines) or facilitation by a
nitrogen fixer (dashed lines).

2. Materials and Methods

2.1. Overview

A two-phase pairwise plant–soil feedback experiment [14] was conducted. In Phase I, live prairie
soil was trained by monocultures of invasive species for 20 weeks. In Phase II, seedlings of each
invasive species were individually grown in soil that had been trained by con- and heterospecific plants.

2.2. Phase I: Soil Conditioning

To expose plants to a representative soil microbial community, live prairie topsoil was mixed
in a 1:2 ratio with sterile background soil. Live prairie soil was collected from multiple restored
mesic prairie sites at Kankakee Sands, a Nature Conservancy site in Northern Indiana (41.0472◦ N,
87.4511◦ W) in May 2016. Using a clean spade-tipped shovel, soil was collected to a depth of 23 cm at
several haphazardly selected locations within each of five restored sites, to yield ~38 L of pooled live
soil. Soil was sieved through a 6-mm mesh size, mixed to ensure homogeneity, and stored in clean,
covered plastic tubs at 4 ◦C for three days. Background soil consisted of a 1:1 ratio of washed river sand
and Indiana topsoil which had been autoclaved at 80 ◦C in a steamer cart (Hummert International,
Earth City, MO, USA) for two 2-h periods with a 24-h resting period in between. River sand was
provided by Young Trucking, Inc. in Martinsville, IN and the topsoil was obtained from development
sites in the Bloomington, IN area. Pots were filled with a bottom layer of 635 mL of sterile background
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soil followed by an equal amount of live soil, and capped with a 3-cm layer of additional sterile
background soil to inhibit weeds and cross-contamination from splash during watering.

The soil was then conditioned by three invasive species, each in monoculture. The invasive
species are all common invaders of Midwest prairie habitat and known to co-occur at Kankakee
Sands. The invasive species included the forb, Cirsium arvense (Canada thistle), the nitrogen-fixing
legume, Lotus corniculatus (birdsfoot trefoil), and the grass, Phalaris arundinacea (reed canarygrass).
Cirsium arvense was likely accidentally introduced to North America in the 1600s as a contaminant
in crop seed [23]. Lotus corniculatus is thought to have been intentionally introduced for use as a
forage crop over a hundred years ago [24]. Phalaris arundinacea was introduced to the United States
in the mid-1800s [25]. Cirsium arvense seeds were purchased from Herbiseed (Twyford, England),
L. corniculatus seeds were purchased from Byron Seeds (Rockville, IN, USA) and P. arundinacea seeds
were purchased from Deer Creek Seed (Windsor, WI, USA). The invasive species were initially grown
in 27.79-cm by 54.46-cm germination flats (T.O. Plastics, Clearwater, MN, USA) in a sterile growing
medium (Metro-Mix 360, Sun Gro Horticulture, Vancouver, CA, USA) for approximately three weeks.
Three seedlings were then transplanted directly into 2.8-L pots (Dillen Products Inc., Middlefield,
OH, USA) which had been surface-sterilized in 0.52% Physan 20 and filled with the above-mentioned
soil mixture.

Each of the three invasive monocultures was replicated eight times and arranged in a randomized
block design (each block contained one replicate of each invasive species) in a temperature-controlled
greenhouse at Indiana University. Supplemental lighting was provided with 1000-watt, high-pressure
sodium lights to achieve a 15-h, 9-h light-dark cycle characteristic of a summer photoperiod. Phase I
soil was conditioned for 20 weeks (June-October).

2.3. Phase II: Species Response

Surface-sterilized deepots (25-cm deep, 6.4-cm wide) were bottom-lined with clean paper
towels and filled with 250 mL of the same sterile background soil as described for Phase I above.
Live-conditioned soil from each Phase I mesocosm was sieved through a 4-mm sieve onto sterile wax
paper and divided into four 150-mL aliquots. One aliquot was added to each of four deepots (33.3% of
pot volume) and capped with 50 mL of sterile soil. Deepot quads were then planted with a six-week
old seedling plug from each of the three invasive species. This approach resulted in a full-factorial
design, with independent replicates of each invasive species grown in conspecific soil as well as in
soil conditioned by each of the other two invasive species. To prevent cross contamination amongst
treatments and replicates, all materials that came into contact with soil were either surface-sterilized or
disposed of between the harvest of conditioned soil from each Phase I pot and between the plantings
of seedlings into each Phase II pot.

Deepots were arranged in a randomized block design on benches surface-sterilized with 0.52%
Physan 20; given the full-factorial design, there were also eight blocks for Phase II pots. Plants were
allowed to grow for three months (October–January) in the same temperature-controlled greenhouse
as Phase I microcosms. The supplemental lighting regime was also consistent with Phase I conditions.

2.4. Data Collection

During Phase II set up, extra soil from the Phase I pots was stored in sterile plastic bags at 4 ◦C for
3–5 days (depending on block) prior to analysis for available ammonium and nitrate. A single 5-g
sample of the soil from each Phase I pot was extracted in 10 mL 2 M KCl solution. These samples were
placed on an orbital shaker for 1 h prior to being centrifuged at 2400 Revolutions per Minute for 10 min.
After the supernatant was separated from the soil, the supernatant was filtered using Whatman filter
paper No. 1001-110 (GE Healthcare Life Sciences, Buckinghamshire, UK) and frozen until analyses
could be conducted. A QuikChem 8500 Series 2 Autoanalyzer (Lachat Instruments, Hach Company,
Loveland, CO, USA) was used to analyze samples for ammonium and nitrate. At the end of Phase II,
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aboveground biomass from each deepot was clipped at the soil surface, dried in a 60 ◦C drying oven to
a constant weight, and weighed.

2.5. Statistical Analysis

To test for PSF, we used a linear mixed model (Type II ANOVA) with Phase II aboveground
biomass as the response variable, and Phase I soil source and Phase II response plant identity as factors
with all possible interactions. Soil source and response plant identity were fixed effects and block was
a random effect. Plan—soil feedback is indicated by the interaction between Phase I soil source and
Phase II response plant identity, with non-neutral PSF indicated when the interaction is significant.

In addition to the linear mixed model, we calculated interaction coefficients (Is) for each pair of
species. Interaction coefficients determine the sign and magnitude of pair-wise feedback and were
calculated using the following equation [14]

Is = Aa − Ba − Ab + Bb (1)

where A and B represent the Phase II response plants and the subscripts a and b represent the Phase
I soil source. As such, Aa represents the growth of species A in soil conditioned by species A and
Ab represents the growth of species A in soil conditioned by species B. Conversely, Bb represents the
growth of species B in soil conditioned by conspecifics and Ba represents the growth of species B in
soil conditioned by heterospecifics. Single-sample, two-sided t-tests were used to assess whether the
pairwise feedback differed from zero, which is also indicative of non-neutral PSF.

Ammonia and nitrate data were analyzed using linear mixed models (Type II ANOVA) with
treatment as a fixed effect, block as a random effect, and ammonia and nitrate as the dependent
variable, respectively.

Visual diagnostics and the Shapiro–Wilk test were performed on the residuals of the various
models to test for normality. No transformations of the response plant biomass data or nitrate data
were necessary; ammonia data were square root transformed to meet model assumptions. All models
were built using the “lme4” package [26] in the statistical programs R version 3.6.1 and RStudio version
1.1.442 [27].

3. Results

Phase I soil source was a weakly significant factor (df = 2, p = 0.06, Table 1) and Phase II response
plant identity was a significant factor (df = 2, p = 1.92 × 10−8, Table 1) in the linear mixed effects
model for Phase II aboveground biomass. However, there was no significant two-way interaction
between Phase I soil source and Phase II response plant identity for this model (df = 4, p = 0.87, Table 1),
indicating neutral PSF. The model yielded a marginal R2 value (associated with fixed effects) of 0.356
and a conditional R2 value (associated with both fixed and random effects) of 0.402.

Table 1. Results of linear mixed model examining Phase I soil source, Phase II response plant identity,
and the interaction between these two factors.

Factor d.f. p-Value

Response plant identity 2 1.922 × 10−8

Soil source 2 0.065
Response plant identity × Soil source 4 0.873

Consistent with the non-significant PSF interaction, the interaction coefficient for each pair of
invasive species did not differ significantly from zero, also indicating neutral net pairwise feedback.
Mean interaction coefficients were −0.33 for L. corniculatus and C. arvense (df = 7, p = 0.53; Figure 2),
−0.21 for L. corniculatus and P. arundinacea (df = 7, p = 0.69; Figure 3), and 0.076 for P. arundinacea and
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C. arvense (df = 7, p = 0.76, Figure 4). Neither ammonia (df = 2, p = 0.15) nor nitrate (df = 2, p = 0.23)
levels differed significantly in the Phase I pots at the end of the 20-week training period.
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4. Discussion

Our results suggest that three co-occurring common prairie invaders exhibit neutral, rather than
positive or negative, net pairwise feedback dynamics. Neutral feedback among invasive species could
indicate that both species have escaped species-specific, soil-borne pathogens, consistent with the
enemy escape hypothesis [28]. Alternatively, it could be indicative of shared soil mutualists, consistent
with the enhanced mutualisms hypothesis [10], or of both species benefiting from added nitrogen
when nitrogen-fixers are present. Based on the results from our experiment, the lack of either positive
or negative pairwise feedback among these three invasives also suggests that, when they co-occur,
they will not significantly promote or hinder each other via novel weapons, niche partitioning or some
mechanism of reciprocal facilitation.

If both species have escaped soil-borne pathogens, we would not expect them to accumulate species
specific pathogens that are known to contribute to negative plant–soil feedback [11]. While negative
feedback has mostly been linked to species-specific pathogens, soil mutualists also have the potential to
generate this type of feedback [29]. For example, if a species of plant promotes a species of fungus that
benefits another plant species more than its original host (and the reciprocal, or a neutral effect, is true
for a second species of plant and fungus), this will lead to negative net pairwise feedback. In addition to
escaping pathogens from their native range, invasives may also be able to take advantage of generalist
mutualists in the soil [10,30]. Consequently, if neither species accumulates soil-borne pathogens and/or
both species benefit from shared mutualists, soil trained by a con- versus a heterospecific plant would
not be expected to have a noticeable difference in plant growth.

We might also see neutral pairwise feedback among invasives if both species are similarly
positively impacted when grown in soil trained by a nitrogen-fixing species. If both species benefit
from added nitrogen in nitrogen-fixer-trained soil, there would not be a pattern of an interaction,
but simply a main effect of soil source. We observed little evidence for this mechanism of neutral
feedback in our study. The main effect of soil source was only marginally significant, reflecting that
while both non-nitrogen-fixing species tended to have slightly higher biomass when grown in soil
trained by the nitrogen-fixer, L. corniculatus did not clearly benefit from growing in self-trained versus
non-nitrogen-fixer trained soil. Furthermore, there were no statistically significant differences in
ammonium or nitrate levels in Phase-I-trained soil. Lotus corniculatus was observed to reach a higher
biomass than either of the other two, non-nitrogen fixing species. This boost in biomass may have
been due to L. corniculatus’ nitrogen-fixing activity, but if so, there was not a significant legacy effect of
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this activity on Phase II soil. This result contrasts with evidence from a prior study of facilitation of
C. arvense and P. arundinacea via nitrogen inputs by L. corniculatus [8]. In the prior study, facilitation was
observed when L. corniculatus was grown with each of the other species. Thus, continuous nitrogen
enrichment by the presence of a living nitrogen-fixer may be necessary for a substantial facilitative
effect to occur, especially if fixed ammonium is converted to nitrate, which readily leaches from the
soil, thus minimizing the carry-over effects of Phase I fixed nitrogen to Phase II plants.

Invasive species may be able to outcompete natives in part due to novel weapons, allelopathic
chemicals that are exuded from the roots [31]. In the invasive species’ native range, neighboring plants
that had evolved together would be adapted to the allelochemicals. In the invaded range, natives that
had not co-evolved with the chemicals would be negatively impacted. Invasive species with novel
weapons have the potential to harm other invaders as well as native species. If we had observed
invasive species with novel weapons, we would expect invaders to reach a higher aboveground
biomass in self-conditioned soil as opposed to other-conditioned soil. If both invaders possessed novel
weapons, this would manifest as an interaction between these species. However, we did not find the
expected positive PSF signal of this pattern, suggesting that the invaders in this study do not negatively
impact each other via novel weapons. Similarly, the absence of positive PSF suggests that our invasive
species may not engage in competition for limiting soil resources, at least under the conditions of
our experiment.

We also did not see evidence of soil resource niche partitioning or reciprocal promotion of
host-specific soil mutualists among the three invasives in our study. Soil resource niche partitioning
is a mechanism of abiotic PSF [32]. If the invasive species were partitioned in soil resource niche
space, they would each be utilizing soil resources in a species-specific way [33]. As such, when an
individual was grown in other-trained soil, it would have access to more of the specific resources
it needs than when grown in self-trained soil. As a result of this species-specific resource use, each
species would reach a higher aboveground biomass in other-trained soil and we would see evidence of
an interaction. Since we do not have evidence of an interaction, we can assert that the invasive species
used in this study are not noticeably niche partitioned, at least under the conditions of our experiment.
This interpretation is consistent with earlier work finding that these species significantly impact each
other when grown in competition [8].

5. Conclusions

From our measures of aboveground biomass, it appears that all invaders grow similarly in self-
and other-trained soils. Considering the totality of our data, we conclude that this result of neutral PSF
among three invasive species is most consistent with a lack of species-specific pathogens and/or the
presence of shared mutualists rather than facilitative effects from nitrogen-fixing invasive species.

In order to conclusively determine if mutual enemy escape, generalist mutualists, or nitrogen
enrichment (in situations where a nitrogen-fixing invasive species is present) is contributing to the
neutral feedback found here, plant–soil feedback experiments comparing whole-soil and inoculum
would be informative. Inoculum at low volumes (<5%) enables the isolation of the effects of soil biota
such as beneficial microbes and pathogens, while use of a higher volume of inoculum (at least 30%)
yields a whole-soil PSF experiment that also allows for the detection of abiotic factors such as nutrients
and allelochemicals [32]. If enemy escape from host-specific pathogens and/or benefits of generalist
mutualists was occurring, Phase II plants exposed to low-volume inoculum would be expected to
perform equally well regardless of whether inoculum was sourced from con- versus heterospecific
Phase I soil. If facilitation via nitrogen enrichment from nitrogen-fixing species was occurring, Phase II
plants exposed to low-volume inoculum would not be expected to perform as well as plant exposed
to a higher volume of inoculum. To distinguish between mutual enemy escape versus generalist
mutualists, controls with sterilized inoculum could be included, followed by microscopic and/or
molecular analyses and treatments with isolated soil pathogens or mutualists as relevant.
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