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Plant–soil feedbacks have important effects on plant communities, but most theory 
has been derived from experiments on intraspecific plant–soil feedbacks. Much less is 
known about how interspecific plant–soil feedbacks affect coexistence and plant com-
munities, due in part to experimental and analytical challenges. Here, we propose a 
framework for evaluating plant–soil feedbacks among multiple interacting species that 
incorporates 1) the average effect each species has on conspecific and heterospecific 
neighbors via how they modify soil biota, 2) the average response of each species to 
the soil modifications made by neighboring species, and 3) intraspecific feedback. We 
refer to this as the ‘effect–response–intraspecific’ (ERI) model. We used individual-
based models to evaluate the relative importance of intraspecific and interspecific soil 
feedback in determining species abundance ranks in simulated plant communities. To 
compare the heuristic value of the ERI model to that of an established model in which 
effects and responses to soil feedback are not explicitly recognized, we evaluated a ‘full-
factorial’ model in which soil feedbacks among five plant species were measured and 
then explicitly modeled. The ERI model indicated that the response to interspecific 
plant–soil feedbacks was the key factor for species’ abundance rank without spatial 
structure. In contrast, interspecific plant–soil feedback had no impact on species abun-
dance with spatial structure, and intraspecific feedback became dominant. Thus, our 
models predict that the relative importance of intraspecific and interspecific feedbacks 
changes as a function of the degree of spatial structure in a system. Overall, the ERI 
model provides a novel and tractable framework for evaluating complex multi-species 
plant–soil feedbacks.
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Introduction

Plant–soil feedbacks involves two steps. First, a plant or a population of plants changes 
the composition of the soil community; second, this change in turn affects the rate of 
growth of the plant or population. Plant–soil feedbacks have a great deal of potential to 
affect community structure (Bever et al. 1997, 2010, Bever 2003, van der Putten et al. 
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2013, Teste et al. 2017, Lekberg et al. 2018). Experimental 
studies have repeatedly shown that plant species often experi-
ence negative feedbacks over time in the same soils, a process 
that is highly likely to drive classic negative density depen-
dence and therefore sustain coexistence and greater biologi-
cal diversity (Kulmatiski et al. 2008, Petermann et al. 2008, 
Mangan et al. 2010a, Kulmatiski et al. 2011). Furthermore, 
exotic invaders often escape such soil feedback-caused den-
sity dependence, suggesting important evolutionary rela-
tionships between plants and the soil biota they cultivate 
(Reinhart et al. 2003, Callaway et al. 2004, Kulmatiski et al. 
2008, Maron et al. 2014).

Plant–soil feedbacks can be determined by differences in 
pathogen densities (Mangla et al. 2007), pathogen commu-
nity composition (Mitchell and Power 2003), the virulence 
of different pathogenic species or genotypes (Reinhart et al. 
2010), soil mutualists (Parker 2001, Reinhart and Callaway 
2004), and soil chemistry. Understanding these mechanisms 
in the field is crucial, but there are two substantial hurdles to 
a better understanding of the importance of plant–soil feed-
backs in nature. First, experimental manipulations usually 
require physical isolation from other plants and biota, and 
thus are conducted in pots, in greenhouses, and with isolated 
individuals (but see Kulmatiski and Kardol 2008). Because of 
this, extrapolating plant–soil feedbacks to the field is usually 
done with mathematical models (Bever  et  al. 1997, 2010, 
Bever 2003, Kulmatiski et al. 2008, Mangan et al. 2010a). 
Second, the large majority of relevant empirical research has 
focused only on intraspecific feedback, rather than recipro-
cal effects and responses of multiple interacting species. Thus 
in comparison resource competition, in which effects and 
responses to competition are commonly explored in unison 
to develop theory, relatively little is known about interspecific 
interactions in the context of soil feedback.

To create a framework for incorporating interspecific 
interactions into models of plant–soil feedback, Bever et al. 
(1997) built a two species mathematical model in which he 
proposed an interaction coefficient Is, which represents the 
relative importance of intraspecific versus interspecific feed-
backs. When Is is negative then interspecific feedback is more 
important. In Bever’s model interspecific feedback promoted 
coexistence because each species was more strongly inhib-
ited by members of the same species than by other species. 
When Is was positive the opposite was true, and competitive 
exclusion arose. This approach has proved valuable to under-
standing plant–soil feedbacks because it emphasizes that 
both interspecific and intraspecific plant soil feedbacks are 
important in determining species’ abundance and commu-
nity structure. However, there are a number of constraints 
inherent to this model.

First, due to arithmetic constraints, Bever’s initial ana-
lytic model contained only two species. The results of pair-
wise competition generally do not predict the outcome of 
multi-species competition (Dormann and Roxburgh 2005, 
Laird and Schamp 2006, Weigelt  et  al. 2007, Aschehoug 
and Callaway 2015, Aschehoug et al. 2016), and they may 

not accurately predict the effects of plant–soil feedbacks in 
complex communities. Second, Bever’s model is analytical 
and thus lacks spatial structure, which can strongly influence 
species coexistence and community diversity (Amarasekare 
2003, Laird and Schamp 2008). Since the impact of plant–
soil feedbacks can be spatially limited to an individual plant’s 
local influence (Bever  et  al. 2010), or be exerted at larger 
scales (Maron et al. 2014), it is important to explore at the 
scales of individuals and communities.

In Bever’s model, each species contributes two variables to 
the interaction. One represents the impact of its trained soil 
on a conspecific, i.e. intraspecific plant soil feedback, and the 
other represents the impact of its trained soil on another spe-
cies, i.e. interspecific plant soil feedback. This assumption is 
logical and technically feasible for a two species scenario, but 
not necessarily for a multi-species community, in which each 
species might respond differently to the soil conditions cre-
ated by another species in the community. As a result of such 
variation among species, the number of variables needed to 
represent intraspecific plant soil feedback for each species is 
always one, whereas the number of variables represent inter-
specific plant soil feedback increases to n − 1 (n is the number 
of species within the community). This creates several prob-
lems. First, analytical solutions involving more than three 
species are hard to handle (Bever et al. 1997, Kulmatiski et al. 
2011). Second, it becomes difficult to explore the relation-
ship between feedback strength and species abundance when 
many variables must be accounted for. Finally, it is difficult 
to explore any plant–soil feedback model with empirical 
results. A great deal of effort is needed to obtain the necessary 
results for multi-species models from interspecific plant soil 
feedbacks from pair-wise experiments; a study involving only 
five species requires measuring feedback between 36 com-
binations. Thus, there is a need for a theoretical modeling 
approach that can efficiently reduce the number of variables 
of interspecific plant soil feedback for each species while also 
predicting outcomes in natural communities.

There have been successful alterations to Bever’s model 
that include spatial structure and develop multi-species 
scenarios (Bonanomi  et  al. 2005, Petermann  et  al. 2008, 
Mangan et al. 2010a, Kulmatiski et al. 2011, Vincenot et al. 
2017). However, most of these have not included interspe-
cific plant soil feedbacks. Even when interspecific plant soil 
feedback has been included (Kulmatiski et al. 2011), the spe-
cies number in the community were arithmetically restricted 
to three, at which point the model was too complicated to 
make clear and effective predictions about the impact of 
plant soil feedback on species abundance.

Our goal is to present a model that is empirically trac-
table, intuitive, and that represents the complexity of multi-
species communities. We drew on models used to explore 
competition among multiple species. Furthermore, we 
drew on another aspect of competition theory, the impor-
tance of plants having both competitive effects on their 
neighbors and competitive responses to their neighbors 
(Goldberg 1990, 1996, Suding et al. 2008, Aschehoug et al. 
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2016). Incorporating interactions among multiple spe-
cies and effects and response has led to significant insights 
into how competitive interactions influence community 
structure and stability (Aschehoug and Callaway 2015), 
and these approaches might be extended to gain a better 
understanding of the role of plant–soil feedbacks in com-
munities. Therefore, we suggest that it is possible to define 
the ‘soil effect’ of a particular species as the mean change 
in performance of all other species within the community, 
when grown on the soil of that species. Moreover, the ‘soil 
response’ of a species can be defined as the mean perfor-
mance of that species when grown in soils cultured by each 
of the other species in its community. Through this kind of 
classification, we effectively reduce the variables of interspe-
cific plant–soil feedback of each species from n − 1 to only 
two, thus simplifying the relationship between interspecific 
plant–soil feedback and species abundance as well as its 
impact on community structure. Since we classify the inter-
specific plant–soil feedback into the effect and response, the 
model is named the ‘ERI’ model with each letter represent-
ing effect, response of interspecific plant–soil feedback and 
intraspecific plant–soil feedback respectively.

We used individual-based modeling (Grimm and 
Railsback 2005) to compare the predictions of Bever’s model, 
the ERI model, and an ERI model parameterized with plant 
soil feedback RII (relative interaction intensity; Armas et al. 
2004) values. To do this we first reconstructed Bever’s two 
species mathematical model as an individual-based model, 
allowing us to include assumptions such as density-depen-
dence and spatial structure into the model, and to compare 
results of Bever’s model with results of the ERI and full-
factorial models. Second, we built a multispecies individual-
based ‘ERI’ model to explore the effects of feedback–effect, 
feedback–response, and intraspecific feedback on species 
abundance. Last, we built an individual-based model param-
eterized with empirical data from interspecific and intraspe-
cific plant–soil feedback from a pairwise experiment with five 
North American grassland species. By calculating the effect 
and response of interspecific plant–soil feedback as well as 
intraspecific plant soil feedback for each of these species, we 
explored how these values predicted the species abundance 
rank for the community with and without spatial structure. 
We compared these results to the predictions of Bever’s model 
and the ‘ERI’ to determine whether either model accurately 
predicted the dynamics of the most complicated, ‘full-fac-
torial’ model in which pair-wise interactions among all spe-
cies were considered. We also explored how spatial structure 
influences the relative importance of these components of 
soil feedback.

Methods

The model description follows the ODD (overview, design 
concepts and details) protocol for describing individual- 
and agent-based models (Grimm  et  al. 2006, 2010). All 
simulations were performed in NetLogo (Wilensky 1999), 

a powerful multi-agent modeling language that is well suited 
for modeling complex systems that develop over time.

Purpose

The purpose of the model is to compare the predictions of 
the model of Bever  et  al. (1997), to the ERI model, and 
an ERI model parameterized with plant–soil feedback RII 
values. We used individual-based spatially-explicit models 
(Travis  et  al. 2005, 2006, Michalet  et  al. 2011) to recon-
struct Bever’s mathematical two species plant–soil feedback 
model, to develop the ERI model, and to examine a suite of 
empirical plant–soil feedback results for five species used in 
Callaway et al. (2013).

Entities, state variables and scales

1) Entities: each cell of the lattice could contain either no 
plants or a single plant from any one species.

2) State variables:

a) Reconstructed version of Bever’s model
Sb is the basal survival rate of species without plant–soil 
feedback and we assume it is the same for all species. A 
constant c indicates the intensity of plant–soil feedback 
on species’ survival rate. Parameter αA indicates intra-
specific plant–soil feedback of species A on itself. In 
other words, it reflects how the performance of species 
A changes when it grows on soil previously inhabited 
by a member of species A. Likewise, βB indicates the 
effect of species B on itself, αB indicates interspecific 
plant–soil feedback of species A on B, and βA indicates 
interspecific plant–soil feedback of species B on A, after 
Bever et al. (1997).

b) ‘ERI’ model
In our ‘ERI’ model, we decomposed interspecific soil 
feedback into two terms, E and R, where E refers to the 
average plant–soil feedback effect a species has on other 
species in the community, and where R refers to the 
average plant–soil feedback response a particular spe-
cies has to all other species in the community. We used I 
to represent intraspecific feedback, i.e. the response of a 
species to soil cultured by members of the same species. 
Values of E, R and I ranged from −1 to 1 with nega-
tive values indicating negative plant–soil feedback and 
positive values indicating positive plant–soil feedback.

c) Model parameterized with plant soil feedback RII 
values
We used results from a pairwise plant–soil feedback 
experiment (Callaway  et  al. 2013) to calculate RII 
for five species: Potentilla arguta, Diasphora fruiticosa, 
Potentilla gracilis, Potentilla recta and Festuca idahoen-
sis. All of these species are common in the intermon-
tane grasslands of western Montana, USA. From these 
data, we constructed an extensive RII matrix, which 
depicted the intensity of every possible pairwise intra-
specific and interspecific plant–soil feedback for every 
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species (Supplementary material Appendix 1 Table A1). 
We then built an individual-based model community 
composed of these five species and parameterized the 
plant–soil feedback interactions among them with 
these RII values.

3) Scales: all species occupying one two-dimensional lattice 
(50 × 50 cells). We used a ‘wraparound’ (torus) approach 
to avoid edge effects (Yamamura et al. 2004).

Process overview and scheduling

When reproduction occurred, an individual produced 
propagules that were identical to the parents. The total 
number of these propagules equalled the reproductive rate r 
of the species. All propagules dispersed sequentially to one 
of the patches that were randomly selected within the whole 
lattice for the scenario without spatial structure, or for the 
model with spatial structure, to a cell that was randomly 
selected from one of eight immediately adjacent cells (to 
the north, northeast, east, southeast, south, southwest, west 
and northwest). Propagules were allowed only to establish 
in empty cells and the one arriving first occupied the cell. 
Once a species established within the cells, it changed the 
soil type of the cell to that of its own. In all of our models, 
we assumed plant–soil feedback only affected the survival 
rate of species. For the scenario with spatial structure, the 
soil type of cells in which they occurred determined a spe-
cies’ survival rate. For the scenario without spatial structure, 
the soil types of all cells within the lattice determined the 
survival rate of a species.

In all models, we used asynchronous updating that worked 
in the following way: first a single individual of species was 
selected at random. Second, we determined whether the indi-
vidual survived at a certain survival rate Si. If the individual 
survived, it reproduced and dispersed propagules. Each time 
step was made up of N of such updates, where N refer to the 
number of all individuals within the community.

Design concepts

1) Reconstructed version of Bever’s model
We calculated the percentage of coexistence versus com-
petitive exclusion occurrences between each two species 
pair respectively within all these simulations. A positive 
value of Is indicated that intraspecific feedback was stron-
ger than interspecific soil feedback, and a negative value 
indicated the reverse. This was important because Bever’s 
model predicts competitive exclusion in systems with 
Is > 0 and coexistence in systems with Is < 0.

2) ‘ERI’ model
If a species was extirpated from the model before the 10 
000th time step, they were ranked in terms of the order 
in which they disappeared. We used linear regressions to 
evaluate the relationships between species’ abundance 
rank and their E, R and I values respectively under the 
scenarios with and without spatial structure.

3) Model parameterized with plant soil feedback RII values
We used the results from Callaway et al. (2013) to calcu-
late RII parameters for each grassland species, as described 
above. We averaged the interspecific effects and responses 
for each species to calculate E and R, and we measured 
the interspecific feedback to calculate I for each of these 
five species. The abundance of each of the five species 
in an ERI model was determined as the mean values of 
100 independent replicate runs for each time step. Linear 
regressions were conducted for relationships between spe-
cies’ abundance rank and their E, R and I values respec-
tively. Thus for empirically collected data we performed 
both a full-factorial model and a simplified ERI model.

Initialization

1) Reconstructed version of Bever’s model
The values of αA, βA, αB and βB were randomly selected 
from −1 to 1 respectively for each simulation. There were 
total 10 000 simulations together for each of the scenario 
with and without spatial structure.

2) ‘ERI’ model
Each community, one with spatial structure and one 
without, started with 100 species, and the E, R and I val-
ues of each species were randomly selected from −1 to 
1 respectively. A species’ abundance was determined as 
the mean value of 100 independent replicate runs, and 
the abundance rank was determined by abundance after 
10 000 time steps.

3) Model parameterized with plant soil feedback RII values
Initial conditions started with saturated communities of 
species with each having the same number of individuals. 
All individuals of species were randomly dispersed across 
the lattice. Simulations were run for 10 000 time steps in 
order to allow the system to reach a steady state.

Input

External data was not used in the model.

Submodels

The descriptions and values of all parameters are presented in 
Table 1. The robustness of the model was tested with different 
combinations of parameters and results were qualitatively the 
same as for the combination chosen here (data not shown).

1) Reconstructed version of Bever’s model
We reconstructed Bever’s mathematical two species plant 
soil feedback model with the individual-based model, 
which included the impact of spatial structure. For the 
scenario with spatial structure the survival rate of species 
A can be defined as:

SA = Sb − cαA  when it grows in cells with soil cultivated by 
species A

SA = Sb − cβA  when grows in cells with soil cultivated by 
species B
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The survival rate of species B can be defined as:

SB = Sb − cβB  when grows in cells with soil cultivated by 
species B

SB = Sb − cαB  when grows in cells with soil cultivated by 
species A

For the scenario without spatial structure, the survival rate of 
species A and B was:

SA = Sb − c(nsAαA + nsBβA)/nst

SB = Sb − c(nsAαB + nsBβB)/nst

respectively. The term nsA indicates the number of cells with 
the soil cultivated by species A, nsB indicates the number 
of cells with cultivated by species B, and nst indicates the 
number of all cells within the lattice.
The interaction coefficient Is was defined as:

Is = αA − βA − αB + βB

after Bever et al. (1997).

2) ‘ERI’ model
For the scenario with spatial structure, when a species 
occurred in the cells that had soil cultivated by conspecif-
ics, its survival rate increased linearly with the intraspe-
cific plant–soil feedback I. If a species occurred in the cells 
with soil cultivated by another species, its survival rate 
depended on the average plant–soil feedback response R 
of itself as well as on the average plant–soil feedback effect 
E of species that cultivated the soil. Therefore, the survival 
rate of species i was:

Si = Sb + cIi      when in cells with soil cultivated by 
conspecifics

Si = Sb + c(Ri + Ej/2)  when in cells with soil cultivated by 
species j

j indicates species that are different from species i. We divided 
Ri + Ej by 2 to make this term to have the same variation range 
as Ii (−1 to 1).

For the scenario without spatial structure, the survival rate 
of species i was:

S
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where nss indicates the number of cells cultivated by species i, 
nsd indicates the number of cells with soil cultivated by spe-
cies other than species i, and nst indicates the number of all 
cells within the lattice.
3) Model parameterized with plant soil feedback RII values

For the scenario with spatial structure, the survival rate of 
species i was:

Si = Sb − cRIIi on i  when in cells with soil cultivated by 
conspecifics

Si = Sb − cRIIj on i  when in cells with soil cultivated by species j

For the scenario without spatial structure, the survival rate of 
species i was
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Results

Reconstructed version of Bever’s model

When the interaction coefficient Is (intraspecific feedback) 
was positive, species did not coexist and competitive exclu-
sion always occurred, regardless of whether or not reproduc-
tion was spatially structured (Fig. 1). This outcome is fully 
consistent with the predictions of Bever’s model. Competitive 
exclusion occurred in roughly half of the scenarios in models 
when spatial structure was absent, but when spatial structure 
was present, competitive exclusion occurred in almost all 
cases (>99%). Thus in simulation models based on Bever’s 
equations, coexistence was a much less likely outcome than 
in purely analytical models indicating that spatial structure 
increased the likelihood of species coexistence.

Table 1. The descriptions and values of parameters used in the model.

Abbreviations Descriptions Values

c intensity of plant soil feedback on species’ survival rate 1
Smax maximum survival rate of species 0.7
r reproductive rate of species 1
E average plant–soil feedback effect a species has on other species in the community −1 to 1
R average plant–soil feedback response a particular species has to all other species in the community −1 to 1
I intraspecific feedback, i.e. the response of a species to soil cultured by members of the same species −1 to 1
αA intraspecific plant–soil feedback of species A on itself −1 to 1
βB intraspecific plant–soil feedback of species B on itself −1 to 1
αB interspecific plant–soil feedback of species A on B −1 to 1
βA interspecific plant–soil feedback of species B on A −1 to 1
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‘ERI’ model

In ‘ERI’ models, spatial structure also strongly influenced the 
relationships between species abundance and both interspe-
cific and intraspecific plant–soil feedback (Fig. 2). For the 
scenario without spatial structure, there was no significant 
relationship between species abundance rank and E, the 
feedback effect term (Fig. 2a) or I, the intraspecific feed-
back term (Fig. 2c). However, there was a very strong nega-
tive relationship between species abundance rank and R (the 
average plant–soil feedback response a species has to all other 
species), in which species with larger values of R had greater 
ranks (Fig. 2b). For the scenario with spatial structure, there 
was again no relationship between E and abundance rank 
(Fig. 2d). However, with spatial structure, the relationship 
between abundance and R disappeared (Fig. 2e) and was 
replaced by a strong positive relationship between species 
abundance rank and I, the interspecific plant–soil feedback 
value (Fig. 2f ). Thus, the interspecific feedback effect, E, was 
not important under any conditions since there was no rela-
tionship between E and abundance rank. The interspecific 
feedback response, R, was important when spatial structure 
was absent, and intraspecific feedback, I, was important 
when spatial structure was present.

‘ERI’ model parameterized with plant–soil feedback 
RII values

We observed a similar result in the ‘ERI’ model using 
empirical data collected from interactions among the five 
grassland species (Fig. 3). Again, when spatial structure was 
absent, abundance rank depended upon R (Fig. 3b), with 

the contributions of both E and I being non-significant 
(Fig. 3a, c). For the scenario with spatial structure, intraspe-
cific feedback (I) correlated with abundance rank (Fig. 3f ), 
but interspecific feedback did not play a role (Fig. 3d–e).

In the full-factorial models based on empirical data, 
plant–soil feedback had a strong effect on the abundance 
of all five species in both the scenario with and without 
spatial structure (Fig. 4). For the scenarios without spatial 
structure, P. recta was extirpated first, followed by P. arguta 
and then P. gracilis (Fig. 4a). The remaining two species 
F. idahoensis and D. fruiticosa coexisted stably, but with 
D. fruiticosa being the dominant species. In the scenario 
with spatial structure, P. recta again was extirpated first, 
followed by P. arguta (Fig. 4b). However, F. idahoensis was 
extirpated next, followed by D. fruiticosa. Both of these spe-
cies coexisted stably in the model without spatial structure, 
yet in the model with spatial structure P. gracilis was the 
only species to survive. The abundance ranks in the full-
factorial model matched the abundance ranks in the ‘ERI’ 
model based on empirical data, both when spatial structure 
was present and absent.

Discussion

Compared to the predominant analytical model used by 
ecologists to extrapolate empirical results for plant–soil 
feedbacks to community dynamics (Bever  et  al. 1997), 
the probability that two species would coexist as mediated 
through their interactions with soil biota was greatly reduced 
in the reconstructed individual-based simulations, espe-
cially when spatial structure was included. In simulations, 
the interaction coefficient Is did not consistently predict the 
outcome of interactions between two species, since com-
petitive exclusion was common even when Is was negative, 
particularly when spatial structure was present. The reason 
for the difference between the ERI model and Bever et al.’s 
(1997) may have been due to density-dependent population 
growth for both species in the ERI model. In Bever  et  al. 
(1997), exponential population growth for both species was 
assumed. In contrast, in the ERI model, each cell within the 
lattice could only accommodate one individual and the total 
number of cells was fixed. Therefore, there was a maximum 
population size for both species, resulting in a strong density-
dependent effect that reduced opportunities for coexistence. 
Opportunities for coexistence became even more restricted 
in the ERI model when spatial structure was included. Our 
results suggest that it is important to incorporate density-
dependent population growth and spatial structure built 
on the foundational Bever et al. (1997) model, and indicate 
that the potential for plant soil feedback to promote the 
coexistence of species might be overestimated.

A major challenge in utilizing soil feedback models lies 
in extending them to multi-species communities, which of 
course are common in nature. The ERI model proposes a 
new framework to solve this problem by classifying inter-
specific plant–soil feedback into effect and response, which 
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Figure  1. The relative frequency of coexistence and competitive 
exclusion outcomes in models with different interaction coefficient 
Is values for the community with and without spatial structure. 
Is equals αA − βA − αB + βB which is the defined as in Bever  et  al. 
(1997). The white bar represents a scenario of competitive exclusion 
with Is > 0. The grey bar represents a scenario of coexistence with 
Is < 0. The black bar represents a scenario of competitive exclusion 
with Is < 0.
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is conceptually and empirically simple. Bever’s model 
indicated that both interspecific and intraspecific feed-
backs were important for the coexistence of species and 
their abundances. Results of our ERI model indicated that 
interspecific plant–soil feedbacks, especially the response 
of interspecific plant–soil feedbacks, was the key determi-
nant factor for species’ abundance rank within the com-
munity without spatial structure. In contrast, interspecific 
plant soil feedback had no impact on species abundance 
in the modeled community with spatial structure, and 
intraspecific feedback became the determinant factor. 
Thus, our models predict that the relative importance of 
intraspecific and interspecific feedbacks changes as a func-
tion of the degree of spatial structure in a system. In our 
case, spatial structure represents the impact of neighboring 
interactions, contrasting with the scenario without spatial 
structure which represents the mean-field approximation 
in which each individual can interact with all the others 
within the community.

Indirect interactions among species may contribute to 
the strong effect of spatial structure. For the multi-species 
community without spatial structure, the benefit for species 
that had strong negative soil feedbacks on other species 
was shared. In other words, if one species in a complex 
community suppresses a second species, not only does that 
species benefit, but so do all of the other species, since the 
suppression of the second species reduces its negative effects 
on all other species. Thus by suppressing some competitors, 
plants with strong negative soil effects indirectly benefit other 
competitors. Therefore, promotion of the effect of interspe-
cific plant soil feedback on fitness in the multi-species com-
munity is weakened relative to the two species community 
(Atwater 2012, Aschehoug et al. 2016). Simply put, in the 
multi-species scenario, the suppression of one competitor did 
not confer an advantage since it also benefitted other compet-
itors. Intraspecific feedbacks were also unimportant in these 
models because multi-species characteristics of the commu-
nity greatly reduced the importance of intraspecific plant–soil 

Figure 2. Relationships between the effect of interspecific plant–soil feedback (a, d), the response of interspecific plant–soil feedback (b, e), 
and intraspecific plant–soil feedback (c, f ) with species’ abundance rank for communities with (a, b, c) and without (d, e, f ) spatial 
structure. Linear regressions determine the relationships and black lines represent the fit curves. NS indicates no significant relationship.
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feedback. This was because species fitness was determined by 
the soil types of all species within the community, the effect 
of intraspecific plant–soil feedback on fitness was diluted by 
the increasing portion of interspecific plant–soil feedback 
with the increase of species number within the community. 
High species diversity in local communities can strongly 
reduce the intensity of plant–soil feedbacks, likely by reduc-
ing the buildup of pathogens relative to that in monocultures 
or at low species diversity (Yang et al. 2015, Luo et al. 2016, 
Mommer et al. 2018).

For the multispecies community, spatial structure greatly 
increased the importance of intraspecific plant–soil feedback 
in determining where species ranked in abundance. This 
was because locally limited dispersal caused aggregation of 
conspecifics. Since only the soil type in the cell in which an 
individual occurred determined fitness when spatial structure 

was in the model, the aggregation of conspecifics greatly 
increased intraspecific plant–soil feedbacks. Therefore, inter-
specific plant–soil feedback did not determine the abundance 
rank of species as it did in the community without spatial 
structure. This result is consistent with empirical experiments 
(Kulmatiski et al. 2008, Mangan et al. 2010a), in which spe-
cies abundance strongly corresponded with intraspecific and 
not interspecific plant–soil feedback. Some degree of spatial 
structure based on dispersal should be common in natural 
communities.

Results of models parameterized with empirical plant–soil 
feedback results were consistent with the prediction of the 
‘ERI’ model. The presence or absence of spatial structure had 
the same effects on model outcomes, and these effects were 
predicted by analyzing just the mean soil feedback effects 
and responses of each of the five species in the empirically 
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informed models. Since species’ effect and response of inter-
specific plant soil feedback can be calculated from the pairwise 
plant soil feedback experiments, the ‘ERI’ model framework 
is a conceptually reasonable and empirically feasible way to 
evaluate the role of interspecific plant–soil feedback in deter-
mining species abundance and community structure. Our 
results also highlight the importance of multispecies inter-
action and spatial structure on the relative importance of 
interspecific and intraspecific plant–soil feedback on species 
abundance. Future research may benefit by concentrating on 
the importance of interspecific plant–soil feedback in deter-
mining species’ abundance and community’s structure, espe-
cially in communities experiencing long-term soil effects of 
perennials and without notable spatial structure.

It is important to note that the results of our empirically 
parameterized models were determined by the particular out-
comes of a single experiment. This experiment focused on 
three congeners, Potentilla, one very closely related genus, 
Diasphora, and one very distantly related genus, Festuca. 

Potentilla recta is an exotic invasive, whereas the others are 
native. Our feedback effects ranges from +0.152 to −0.392, 
and in general were weak compared to some others reported 
in the literature (Kulmatiski et al. 2008, Maron et al. 2014). 
Plant–soil feedback strengths can vary tremendously within 
a species and among sites (Maron  et  al. 2016). Therefore, 
caution is warranted until models such as ours are explored 
for a wider range of empirical results. Furthermore, our model 
aggregated interspecific feedback effects on a single target 
species. This is an oversimplification of interspecific feed-
backs, even as experienced by the target species that provided 
parameters for our models (Callaway  et  al. 2013, Fig. 3). 
Other studies have also shown that interspecific plant–soil 
feedbacks vary among species generating the feedback 
(Klironomos 2002, Mangan  et  al. 2010a, Reinhart 2012, 
Maron et al. 2016). Perhaps more important in the context 
of our model, in some cases plant–soil feedbacks generated 
by rare species in a system have been shown to differ from 
those generated by common species (Klironomos 2002, 
Mangan et al. 2010b, Maron et al. 2016, but see Reinhart 
2012). Thus, incorporation of such variation among species 
is likely to alter the quantitative outcome of our model.

Another potential improvement to the modeling of 
plant–soil feedbacks would be the integration of feedbacks 
over several generations. The large majority of feedback 
experiments train the soil once, but there is evidence for feed-
back effects that persist longer than the single generation of 
our model. In a review, Lekberg et al. (2018) found that soil 
feedbacks were more likely to be positive the longer studies 
ran, and that soil collected directly from the field without 
any training were less likely to result in significant feedbacks 
compared to soil that had undergone one round of training 
in the greenhouse.

Our model also includes some important technical 
limitations. First, one cell could host only one plant, and the 
number of propagules was deterministic. Second, dispersal 
happened simply in the direct neighborhood of the focal cell, 
hence more realistic dispersal kernels are needed. Third, nega-
tive feedback impacted only the survival rate of species, not 
germination, reproduction or growth. Next, negative feedback 
was based only on the previous plant having colonized the 
cell. In addition, plant biomass and its relationship to other 
processes (negative feedback, propagule production) was not 
incorporated. Finally, simultaneous competitive interactions, 
which can strongly influence plant–soil feedbacks or interact 
with them (Maron et al. 2016, Lekberg et al. 2018) were not 
incorporated. More realistic and solid models should tackle 
these limitations in the future.

In conclusion, the ERI model is an attempt to extend the 
classic plant soil–feedback model proposed by Bever  et  al. 
(1997) to multiple species and to include community spa-
tial structure. By dividing interspecific plant soil feed-
back into effect and response, we suggest a new theoretical 
path for exploring how interspecific plant–soil feedback 
impacts species abundance. This may not only improve our 
understanding on the importance of plant–soil feedbacks to 
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community structure and function, but may also help exam-
ine the importance of plant–soil feedbacks relative to the 
other mechanisms, such as resource competition as drivers of 
coexistence and diversity (Lekberg et al. 2018).
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