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Analysis of spatial structure in ecosystems provides an opportunity to identify ecological processes and species
interactions that are key to the system’s functioning [90,79,46,58,22]. In addition, the spatial structure of ecosys-
tems may mediate their response to rapid environmental change, which becomes increasingly relevant during the
Anthropocene ([84,74,72,3,5,68]). Within plant communities, spatial structure can emerge from the accumulation and
concentration of abiotic resources. Established theory has shown that this accumulation of abiotic resources may lead
to spatial self-organization of vegetation, expressed through regular spatial patterns that may have important conse-
quences for the functioning of these ecosystems [41,88,69]. The driving mechanism of this kind of patterning has
been described as scale-dependent feedback, which is positive at the local scale (e.g. within a vegetation patch), but
becomes negative with increasing spatial distance (e.g. outside of a vegetation patch, [70]).

Alternatively, spatial structure can emerge from plant host-induced changes in the composition of the community
of soil organisms, which subsequently feed back to the fitness of both the host- and competing plant species [12,85,
31,55]. Importantly, as recently highlighted by Inderjit, Callaway and Meron in their review (Inderjit et al. [33]), these
latter feedbacks between plant hosts and soil biota may thus comprise an alternative driver of spatial self-organization,
complementing established theory on spatial self-organization through abiotic resource accumulation. We agree with
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the authors that this notion deserves attention in future research efforts, and in this commentary we will outline several
specific avenues of interest within the context of plant-soil community interactions. We focus in particular on plant-
soil pathogen interactions, but note that similar considerations may apply to interactions with symbiotic mutualists,
and that plant-soil community interactions could be further mediated by higher tropic levels within the soil food web
and by secondary plant metabolites, including allelopathic compounds.

Within our current focus, we first explore the potential role of plant-soil pathogen interactions in driving spatial
self-organization. Subsequently, we discuss how the occurrence of multiple feedbacks within the same system may
jointly drive plant community dynamics. We then discuss in more detail the role of soil moisture in mediating plant-
soil feedbacks, before concluding with an outlook to future research.

Self-organization through plant-soil pathogen feedbacks and implications for biodiversity

Mathematical theory and a growing body of empirical evidence suggest that host-specific soil pathogens may en-
able the coexistence of strongly competing plant species, and the maintenance of highly diverse plant communities
[8,66,10,82,19,45,63]. Considering the local scale at which these plant-soil interactions occur, we would expect that
host-specific soil pathogens could drive spatial self-organization in the form of regular patterns if the average dispersal
rate of soil pathogens would exceed the average dispersal rates of their host [59]. This notion is supported by simula-
tions of a spatially explicit plant-soil feedback model [23] that considers two competing plant species, with both these
species being suppressed by host-specific soil pathogens (Fig. 1). In these model simulations, local positive feedback
is generated by aboveground competition coefficients, with the strengths of interspecific competition exceeding the
strengths of intraspecific competition. In addition, when the average dispersal rate of host-specific pathogens exceeds
the dispersal rate of the host plant, the spread of pathogens generates longer-range negative feedback.

Future models may describe the soil community composition in more detail, which could allow for different
subsets of the soil community (including both pathogens and symbiotic mutualists) generating local positive and
longer-range negative feedback. Nevertheless, these initial model explorations already suggest that both the relative
strength of plant-soil feedback and the relative dispersal capability of soil pathogens may affect the type of spatial
self-organization that emerges (Fig. 1). Specifically, when plant-soil feedback is relatively weak, and the dispersal
capacity of soil organisms is relatively slow, emergent spatial structures are driven by competitive effects between
hosts. In the case where the local, competition-driven positive feedback dominates, monospecific patches form, with
eventually one plant species excluding the other (Fig. 1; [58]; [55]). With increasing strength of negative plant-soil
feedback, traveling spiral wave patterns can be observed (Fig. 1). This type of self-organization was also shown by
Inderjit et al. [33], for the case of an intransitive network of three host species.

Our observation of spiral wave patterns driven by plant-soil feedback complements results derived from a non-
spatial plant-soil feedback model [8], which showed that a system of two plant hosts and strong negative plant-soil
feedback can already exhibit intransitive dynamics [66]. Combining experimental data and a model extension to multi-
species plant communities, recent research has highlighted the potential of plant-soil feedbacks to create intransitive
networks within more diverse plant communities as well ([19,48]). Finally, under relatively high dispersal rates of
soil pathogens, regular spatial patterns can be observed (Fig. 1), similar to the type of patterns observed in the arid
ecosystem model simulations presented by Inderjit et al. [33]. Interestingly, the strength of plant-soil feedback may
constrain the characteristic scale at which pattern formation occurs, with stronger negative feedback leading to pattern
formation at smaller spatial scales (Fig. 1).

An important question to address is how these processes would manifest themselves in highly diverse commu-
nities characterized by species-specific plant-soil community interactions [49,10,19]. As higher species richness is
maintained by stronger negative plant-soil feedback [19], these communities may no longer yield identifiable (i.e.
spatially regular) patterns, but may exhibit mixed patterns in which for example conspecific trees become increasingly
overdispersed [92]. Similarly, spatial patterns of expansion through travelling waves may become disrupted by adult
trees that may be able to survive in spite of strong negative effects exerted by the local soil community (e.g. [58]). For
example, adult trees of Prunus serotina may still survive in locations where high exposure to wilting disease prevents
the survival of offspring [61,64,65]. Hence, the connections from spatial patterning of vegetation to process may be
most relevant for systems where feedback operates between relatively small numbers of plant species or functional
groups.

For such systems, our initial theoretical explorations highlight a critical need for measurement of plant-soil feed-
back strengths, and relative rates of dispersal of plant hosts and soil organisms. Approaches to empirically quantify
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Fig. 1. Different types of spatial self-organization as observed in a spatially explicit plant-soil feedback (adapted from [23]).a) Under weakly
negative plant-soil feedback and the rate of dispersal of soil organisms being equal to the host plant’s dispersal rate, two strongly competing plant
species cannot coexist on the long term (here, plant species 1 (green) is slowly contracting to circular patches and excluded by plant species 2).b)
Regular spatial patterns are observed when soil organisms’ dispersal exceeds that of the plant. c¢) Travelling spiral waves are observed when
feedback is strong and soil organismal dispersal is equal to that of the plant. d) Regular spatial patterns, as observed in D), form at a finer scale
when the strength of negative plant-soil feedback is increased.
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Fig. 2. Within a scenario of two plant species experiencing strong negative plant-soil feedback, from relatively fast dispersing soil communities,
variation in the relative growth rates of soil communities in space governs the self-organization process and the emerging vegetation patterns (here,
the abundance of plant species 1 is indicated in green).

plant-soil feedback strengths have been well developed [86,6] and have been widely adopted [42,43,81,93,4,77,45,15].
This development has yielded a promising amount of empirical data that could be used to constrain parameters that
quantify maximum plant-soil feedback strengths in spatial models. Within the spatially explicit model framework de-
scribed above (Fig. 1), the rate at which the soil community composition differentiates, and hence plant-soil feedbacks
build up, may affect the self-organization process and the type of patterning that is formed by the two competing plant
host species (Fig. 2). In order to further develop our understanding of possible links between plant-soil feedbacks and
spatial-self organization, we see two challenges for future empirical research: 1) quantification of the rates at which
plant hosts can drive changes in soil microbial community composition, and 2) quantification of the rates of dispersal
of (functional groups of) soil microbes that have differential impacts on plant fitness.

Empirical quantification of rates of differentiation and dispersal of root pathogens deserve attention, as these
pathogens vary in their biology in interesting ways: some Oomycete pathogens including Pythium spp., for example,
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disperse through water, meaning that their dispersal capacity may be relatively limited, except with large precipitation
events or in continuously saturated soils (e.g. [75]). In contrast, some Ascomycete pathogens including Fusarium spp.,
for example, can disperse farther and more rapidly through air (e.g. [83]). Dispersal of soil microbes may also interact
with and depend on larger taxa functioning as vectors (e.g. [87]; [95]), highlighting an important consequence of soil
biodiversity and even aboveground biota to consider when assessing pathogen dispersal rates.

Soil inoculation studies may provide empirical estimates for growth and dispersal rates, not only for root pathogens
but also for other functional groups [60,37]. For example, it has been shown that the effects on plant growth of
inoculation with native arbuscular mycorrhizal fungi in post agricultural environments can extend to several meters
within a growing season ([57]), although these rates may also depend on the size of the plant hosts involved [91].
Environmental sequencing approaches could measure movement rates of microbial taxa more directly (e.g. [28]).
Moreover, these latter approaches may also enable measurements of local relative growth rates of different functional
groups of soil microbes (e.g. [16]).

In summary, considering this heterogeneity of local relative growth and dispersal rates of soil organisms may
provide more insight into spatio-temporal development of plant-soil feedback within ecosystems. On the side of
further theoretical development, corresponding modelling approaches would require a more detailed description of
the soil community as well (e.g. [34]; [35]; [1]).

Self-organization through multiple, interacting feedbacks

As noted by Inderjit et al. [33], feedbacks involving abiotic resources and plant-soil community interactions may
occur simultaneously within an ecosystem. Whether plant-soil feedbacks comprise a local feedback or a spatial, scale-
dependent feedback may depend on the specific traits of the organisms involved. Similarly, feedbacks involving abiotic
resources may be local or scale-dependent as well ([24,21,40]). How these two types of feedback jointly drive system
dynamics may thus depend on whether they are both scale-dependent feedbacks, both local feedbacks, or whether
one type is local while the other type is scale-dependent (Fig. 3). In their review, Inderjit et al. [33] describe the
interesting case where two feedbacks are both scale-dependent, with environmental conditions determining which of
the two feedbacks is dominant in driving the spatial patterns in resources ([27,33]). Related to this case, interactions
between scale-dependent feedbacks may also be reflected in novel pattern morphologies, or they may be antagonistic
and prevent self-organization in the form of regular spatial patterns ([20]).

In cases where two types of scale-dependent feedbacks differ in their characteristic spatial scale, self-organization
may also emerge in the form of multi-scale patterns, for example a pattern of regularly spaced patches with each patch
containing regular spatial patterns within [47,76]. Previous research has also shown that in systems where pattern
formation occurs through one scale-dependent feedback, an additional local positive feedback may sharpen ecotones,
and may create a larger region of hysteresis between ecosystem thresholds marking transition points between patterned
and spatially homogeneous states ([24]). Finally, while systems with only local positive feedbacks may not exhibit
spatial self-organization in the form of regular spatial patterns, the relative strength of each feedback may determine
critical patch sizes above which a particular type of vegetation is able to expand, for example [55,56]. Thus, in cases
where multiple feedbacks occur simultaneously within a system (e.g. abiotic resource-related feedbacks and plant-
soil feedbacks), it is important to understand whether these are local or scale-dependent feedbacks. In fact, whether
these feedbacks are local or scale-dependent may depend on ecosystem characteristics and environmental conditions,
which in turn may constrain the possibilities for self-organization within the ecosystem (Fig. 3). Further theoretical
research could focus on cataloguing the range of possibilities (Fig. 3) more completely, while empirical research may
determine the feedback types (i.e. local or scale-dependent) and their relative strengths for particular ecosystems.

Soil moisture dynamics mediating plant-soil feedbacks and self-organization

In addition to the possibility of co-occurring feedbacks described above, Inderjit et al. [33] also highlight a case
where plant-water dynamics and plant-soil interactions would be mechanistically linked, which may mediate or mod-
ify plant-soil feedbacks. One potential mechanism, as explained by Inderjit et al. [33] and highlighted above for the
case of some Oomycetes, is that water transport may also redistribute soil organisms. In line with this notion are obser-
vations of increased motility of microbes in soils with higher water content [95]. Recent research has also emphasized
another type of mechanism, in that plant hosts’ influence on soil community composition may depend on local soil
moisture content (reviewed in [82]). In general, the abundance of soil biota is expected to decrease with decreas-
ing soil moisture (e.g. [38]). In addition, the changes in bacteria may become more pronounced with decreasing soil
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Fig. 3. In systems where plant-soil feedback and feedbacks involving abiotic resource accumulation and concentration occur simultaneously, the
effects of these feedbacks will depend on whether they comprise a local or scale-dependent feedback. Hence, when two feedbacks occur simulta-
neously, four scenarios can be distinguished that differ in the potential of the feedbacks driving spatial self-organization within the ecosystem.

moisture, as compared to fungi [18,17]. As a result, spatial variation in soil moisture, driven by resource concentration
mechanisms, may induce spatial variation in soil community composition and therefore the strength or even the sign
(i.e. positive or negative) of plant-soil feedback [53,54].

It has been hypothesized that these effects of moisture and plant-soil feedbacks may be stronger in forest than in
grassland ecosystems [25,82]. For eastern US deciduous forests, it has been suggested that higher tree diversity in
wetter climatic regions may result from the moister soils increasing the growth rate and abundance of host-specific
pathogens [9,10,36]. The same mechanism may also partly explain the higher diversity of tropical forests as compared
to deciduous forests [14,49,10]. While these previous studies have focused on soil moisture variation over time, or
variation along climatic gradients, it would be interesting to explore how spatial variation in soil moisture conditions
at the landscape scale, as driven by resource concentration feedbacks, would modify strengths of plant-soil feedbacks.
In turn, it would be of interest to explore whether these modified plant-soil feedbacks would amplify or dampen spatial
self-organization processes.

Outlook: key components of plant-soil systems and their spatio-temporal fingerprints

Focusing mostly on belowground feedbacks emerging from interactions between plant hosts and soil biota, our
commentary has highlighted the importance of understanding the spatial and temporal scales involved in these inter-
actions and their potential contribution to spatial self-organization processes. Focusing on active dispersal rates of soil
biota, these rates seem to be comparable to soil water transport and vegetation dispersal rates, i.e. on the order of 1073
1072 m day_1 [96,89,2,44,57,95], although it is unclear how these short-term observations relate to longer-term
expansion patterns [80,23]. Even in these short-term estimates, the indicated ranges of uncertainty (i.e. the upper esti-
mate of the range typically being 5-7 times larger than the lower estimate) suggest that differences between functional

10



M.B. Eppinga, W.H. Van der Putten and J.D. Bever Physics of Life Reviews 40 (2022) 614

groups, or individual species within functional groups, could be large enough to create divergent local- and scale-
dependent feedback dynamics [78,96,89,2,44,95]. However, as mentioned earlier, passive dispersal of soil organisms,
through water, wind (e.g. saltation of soil particles) or dispersal vectors, may lead to higher dispersal rates. The latter
form of dispersal may be a function of soil biodiversity itself, and hence may vary depending on internal ecosystem
dynamics.

Such divergent feedback dynamics could also be driven by differential dispersal abilities of host-specific and gen-
eralist soil organisms that may exert either positive or negative effects on plant growth, which would create spatially
variable effects on plant host fitness. For example, we focused mostly on the role of root pathogens in this commen-
tary, but plant-soil feedback may involve or be driven by symbiotic mutualists as well [7,67,52]. Explicit modelling
of mutualists that disperse more slowly than pathogens could generate local positive feedback, providing an alterna-
tive pathway to the local positive feedback generated by competitive interactions in the presented model framework
(Fig. 1, 2). Moreover, such belowground spatial structuring in soil community composition may mediate plant-soil
feedback effects [11]. Furthermore, empirical observations suggest that soil community dynamics may operate on
timescales of weeks to months [39,13,94,15,30], meaning an intermediate scale between the fast and slow processes
occurring in ecosystems in which spatial self-organization occurs ([29,24,70,26]).

We propose that future modelling efforts may consider building on recent approaches separating multiple spatio-
temporal scales involved in spatial self-organization and pattern formation [62,47,73,71,26]. In addition, future mod-
elling studies could not only address the simultaneous accumulation of both pathogenic and mutualistic soil organisms
[35,1], but also the higher trophic interactions affecting the composition and structuring of the belowground food web
[32]. Apart from expanding this biotic dimension, consideration of the effects of abiotic changes in soil conditions
by plant secondary metabolites, including allelopathic compounds, on plant-soil feedbacks would call for additional
expansions of current model frameworks as well [51,50].

In conclusion, we agree with Inderjit et al. [33] that it is of interest to further investigate to what extent aboveground
spatial structure in ecosystems can be explained by belowground processes. Previous modelling approaches consider-
ing spatial self-organization in (semi-)arid ecosystems may indeed provide a useful entry point for these endeavors. In
addition, the development of spatially explicit models that capture the unique features of belowground processes, and
plant-soil feedbacks in particular, may yield new insights in spatial self-organization and contribute to novel theory
on the origin and dynamics of ecosystem pattern formation, and their consequences for ecosystem functioning in a
changing world.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements
The research of MBE and JDB was supported by NSF grants DEB-1556664, DEB-1738041 and OIA-1656006.

References

[1] Abbott KC, Eppinga MB, Umbanhowar J, Baudena M, Bever JD. Microbiome influence on host community dynamics: conceptual integration
of microbiome feedback with classical host—microbe theory. Ecol Lett 2021;24:2796-811.

[2] Adl SM. Motility and migration rate of protozoa in soil columns. Soil Biol Biochem 2007;39:700-3.

[3] Bastiaansen R, Doelman A, Eppinga MB, Rietkerk M. The effect of climate change on the resilience of ecosystems with adaptive spatial
pattern formation. Ecol Lett 2020;23:414-29.

[4] Bennett JA, Maherali H, Reinhart KO, Lekberg Y, Hart MM, Klironomos J. Plant-soil feedbacks and mycorrhizal type influence temperate
forest population dynamics. Science 2017;355:181-4.

[5] Bera BK, Tzuk O, Bennett JJ, Meron E. Linking spatial self-organization to community assembly and biodiversity. eLife 2021;10:¢73819.

[6] Bever JD. Feedback between plants and their soil communities in an old field community. Ecology 1994;75:1965-77.

[7] Bever JD. Negative feedback within a mutualism: host—specific growth of mycorrhizal fungi reduces plant benefit. Proc R Soc Lond B, Biol
Sci 2002;269:2595-601.

[8] Bever JD. Soil community feedback and the coexistence of competitors: conceptual frameworks and empirical tests. New Phytol
2003;157:465-73.

11


http://refhub.elsevier.com/S1571-0645(22)00001-X/bibCB987BBBAAD37F31AADDF82E40DCF9DEs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibCB987BBBAAD37F31AADDF82E40DCF9DEs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibB49B8713D9FDC68DFFCB7049FE1045F3s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibB45D7D121886CE52F979AEEB96F6992Cs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibB45D7D121886CE52F979AEEB96F6992Cs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib07BFD008A73E10148F34F4CED80F970Ds1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib07BFD008A73E10148F34F4CED80F970Ds1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibD25FC08B0B89CDE49735FF5CED07454Fs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib3BBFE32CBEF1AABEB52F8EB80854A0A0s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib4649EEAA48426CCF5DD610C701ED79F9s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib4649EEAA48426CCF5DD610C701ED79F9s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib0EE126390BCB7D54B7A0670E231B2AF4s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib0EE126390BCB7D54B7A0670E231B2AF4s1

M.B. Eppinga, W.H. Van der Putten and J.D. Bever Physics of Life Reviews 40 (2022) 614

[9] Bever JD, Dickie IA, Facelli E, Facelli JM, Klironomos J, Moora M, et al. Rooting theories of plant community ecology in microbial interac-

tions. Trends Ecol Evol 2010;25:468-78.

[10] Bever JD, Mangan SA, Alexander HM. Maintenance of plant species diversity by pathogens. Annu Rev Ecol Evol Syst 2015;46:305-25.

[11] Bever JD, Richardson SC, Lawrence BM, Holmes J, Watson M. Preferential allocation to beneficial symbiont with spatial structure maintains
mycorrhizal mutualism. Ecol Lett 2009;12:13-21.

[12] Bever JD, Westover KM, Antonovics J. Incorporating the soil community into plant population dynamics: the utility of the feedback approach.
J Ecol 1997;85:561-73.

[13] Bezemer TM, Jing J, Bakx-Schotman JT, Bijleveld EJ. Plant competition alters the temporal dynamics of plant-soil feedbacks. J Ecol
2018;106:2287-300.

[14] Comita LS, Muller-Landau HC, Aguilar S, Hubbell SP. Asymmetric density dependence shapes species abundances in a tropical tree commu-
nity. Science 2010;329:330-2.

[15] Crawford KM, Bauer JT, Comita LS, Eppinga MB, Johnson DJ, Mangan SA, et al. When and where plant-soil feedback may promote plant
coexistence: a meta-analysis. Ecol Lett 2019;22:1274-84.

[16] Creer S, Deiner K, Frey S, Porazinska D, Taberlet P, Thomas KW, et al. The ecologist’s field guide to sequence-based identification of
biodiversity. Methods Ecol Evol 2016;7:1008-18.

[17] De Vries FT, Griffiths RI, Bailey M, Craig H, Girlanda M, Gweon HS, et al. Soil bacterial networks are less stable under drought than fungal
networks. Nat Commun 2018;9:1-12.

[18] De Vries FT, Liiri ME, Bjgrnlund L, Bowker MA, Christensen S, Setdld HM, et al. Land use alters the resistance and resilience of soil food
webs to drought. Nat Clim Change 2012;2:276-80.

[19] Eppinga MB, Baudena M, Johnson DJ, Jiang J, Mack KM, Strand AE, et al. Frequency-dependent feedback constrains plant community
coexistence. Nat Ecol Evol 2018;2:1403-7.

[20] Eppinga MB, De Ruiter PC, Wassen MJ, Rietkerk M. Nutrients and hydrology indicate the driving mechanisms of peatland surface patterning.
Am Nat 2009;173:803-18.

[21] Eppinga MB, Kaproth MA, Collins AR, Molofsky J. Litter feedbacks, evolutionary change and exotic plant invasion. J Ecol 2011;99:503-14.

[22] Eppinga MB, Pucko CA, Baudena M, Beckage B, Molofsky J. A new method to infer vegetation boundary movement from ‘snapshot’data.
Ecography 2013;36:622-35.

[23] Eppinga MB, Rietkerk M, Dekker SC, De Ruiter PC, Van der Putten WH. Accumulation of local pathogens: a new hypothesis to explain
exotic plant invasions. Oikos 2006;114:168-76.

[24] Eppinga MB, Rietkerk M, Wassen MJ, De Ruiter PC. Linking habitat modification to catastrophic shifts and vegetation patterns in bogs. Plant
Ecol 2009;200:53-68.

[25] Fierer N, Schimel JP, Holden PA. Influence of drying—rewetting frequency on soil bacterial community structure. Microb Ecol 2003;45:63-71.

[26] Gandhi P, Bonetti S, Iams S, Porporato A, Silber M. A fast—slow model of banded vegetation pattern formation in drylands. Phys D, Nonlinear
Phenom 2020;410:132534.

[27] Gilad E, von Hardenberg J, Provenzale A, Shachak M, Meron E. A mathematical model of plants as ecosystem engineers. J Theor Biol
2007;244:680-91.

[28] Gémez-Expésito R, De Bruijn I, Postma J, Raaijmakers JM. Current insights into the role of rhizosphere bacteria in disease suppressive soils.
Front Microbiol 2017;8:2529.

[29] Guttal V, Jayaprakash C. Self-organization and productivity in semi-arid ecosystems: implications of seasonality in rainfall. J Theor Biol
2007;248:490-500.

[30] Hannula SE, Heinen R, Huberty M, Steinauer K, De Long JR, Jongen R, et al. Persistence of plant-mediated microbial soil legacy effects in
soil and inside roots. Nat Commun 2021;12:1-13.

[31] Hendriks M, Ravenek JM, Smit-Tiekstra AE, van der Paauw JW, de Caluwe H, van der Putten WH, et al. Spatial heterogeneity of plant—soil
feedback affects root interactions and interspecific competition. New Phytol 2015;207:830-40.

[32] Holtkamp R, Kardol P, van der Wal A, Dekker SC, van der Putten WH, De Ruiter PC. Soil food web structure during ecosystem development
after land abandonment. Appl Soil Ecol 2008;39:23-34.

[33] Inderjit, Callaway RM, Meron E. Belowground feedbacks as drivers of spatial self-organization and community assembly. Phys Life Rev
2021;38:1-24.

[34] Jeger MJ, Lamour A, Gilligan CA, Otten W. A fungal growth model fitted to carbon-limited dynamics of Rhizoctonia solani. New Phytol
2008;178:625-33.

[35] Jiang J, Abbott KC, Baudena M, Eppinga MB, Umbanhowar JA, Bever JD. Pathogens and mutualists as joint drivers of host species coexistence
and turnover: implications for plant competition and succession. Am Nat 2020;195:591-602.

[36] Johnson DJ, Beaulieu WT, Bever JD, Clay K. Conspecific negative density dependence and forest diversity. Science 2012;336:904-7.

[37] Juyal A, Eickhorst T, Falconer R, Baveye PC, Spiers A, Otten W. Control of pore geometry in soil microcosms and its effect on the growth
and spread of pseudomonas and bacillus sp. Front Envir Sci 2018;6:73.

[38] Kardol P, Cregger MA, Campany CE, Classen AT. Soil ecosystem functioning under climate change: plant species and community effects.
Ecology 2010;91:767-81.

[39] Kardol P, De Deyn GB, Laliberté E, Mariotte P, Hawkes CV. Biotic plant—soil feedbacks across temporal scales. J Ecol 2013;101:309-15.

[40] Kéfi S, Eppinga MB, De Ruiter PC, Rietkerk M. Bistability and regular spatial patterns in arid ecosystems. Theor Ecol 2010;3:257-69.

[41] Klausmeier CA. Regular and irregular patterns in semiarid vegetation. Science 1999;284:1826-8.

[42] Klironomos JN. Feedback with soil biota contributes to plant rarity and invasiveness in communities. Nature 2002;417:67-70.

[43] Kulmatiski A, Beard KH, Stevens JR, Cobbold SM. Plant—soil feedbacks: a meta-analytical review. Ecol Lett 2008;11:980-92.

[44] Lehmitz R, Russell D, Hohberg K, Christian A, Xylander WE. Active dispersal of oribatid mites into young soils. Appl Soil Ecol 2012;55:10-9.

12


http://refhub.elsevier.com/S1571-0645(22)00001-X/bibE38A06812765407EDBFE8474C4E51FC6s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibE38A06812765407EDBFE8474C4E51FC6s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibAE3EC441E8DF96BE91169263A9B6894Es1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib7731BD0087ABC4DD0F1D4318CD05A7DFs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib7731BD0087ABC4DD0F1D4318CD05A7DFs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib32E80E03CA97CFB6C3707810390BEDB5s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib32E80E03CA97CFB6C3707810390BEDB5s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib64E9E9B36FB877FE0B7E23787E5C4063s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib64E9E9B36FB877FE0B7E23787E5C4063s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib81AD829F336359E1A25E5A38E33F9CCAs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib81AD829F336359E1A25E5A38E33F9CCAs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib673A5BE4BCDDB97D7EBA3E380CA8AEBEs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib673A5BE4BCDDB97D7EBA3E380CA8AEBEs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib4AD0E95F465B5CDB27F9571802AC89D8s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib4AD0E95F465B5CDB27F9571802AC89D8s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib78B6B79160A203A306866A80C3300142s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib78B6B79160A203A306866A80C3300142s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibFDA9064463EC3A305BA5D54CE9FF5E11s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibFDA9064463EC3A305BA5D54CE9FF5E11s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibF5A0F3DBFFE80EB514A7AF3CD4E2FD47s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibF5A0F3DBFFE80EB514A7AF3CD4E2FD47s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib0E5441387F28BF4155C9236B58338B26s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib0E5441387F28BF4155C9236B58338B26s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibA08B917FDFC969BD914387F4CEE97DF8s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibD5DE71668A30A11304916663D7D55570s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibD5DE71668A30A11304916663D7D55570s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib352BD9680B0ADDBE2971B87F348B9707s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib352BD9680B0ADDBE2971B87F348B9707s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib943A11725C26BB03A81A9C1DA5B4BBEFs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib943A11725C26BB03A81A9C1DA5B4BBEFs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib80865090290AFD888F64FA9044077D7Cs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib09A976041A7AC6A46CECBBDB88131E3Es1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib09A976041A7AC6A46CECBBDB88131E3Es1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibDE74AA337C6269BCB3CC54F4B11DDC28s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibDE74AA337C6269BCB3CC54F4B11DDC28s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibCB42BBFBCCB5AFF7957DC863A60385B2s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibCB42BBFBCCB5AFF7957DC863A60385B2s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibEFBE4DADE6ED0D52E8086BCF96F0CF7Fs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibEFBE4DADE6ED0D52E8086BCF96F0CF7Fs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibD5001FCDB526F95EC0EE65421F9C3EF0s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibD5001FCDB526F95EC0EE65421F9C3EF0s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibBA255E34340C21BDE852141FC3B33FA5s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibBA255E34340C21BDE852141FC3B33FA5s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib17EFCB5D6EE3AAC9E22C3DE2DD3873A4s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib17EFCB5D6EE3AAC9E22C3DE2DD3873A4s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib1D1E3F565F89B78835E0FCA0DB93D63Fs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib1D1E3F565F89B78835E0FCA0DB93D63Fs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib608EEF169A13D69123557986E6DC6C6Ds1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib608EEF169A13D69123557986E6DC6C6Ds1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibF799AEA9AA6BE364A1893A8C3BBD06C7s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibF799AEA9AA6BE364A1893A8C3BBD06C7s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib36C9D7D00BE5EDE9B3CEE32705385DFCs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibA154EE692E0A37E6A9EC9860B0F66F15s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibA154EE692E0A37E6A9EC9860B0F66F15s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib76A3C392D154B20FBFF927AFADE9AFD4s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib76A3C392D154B20FBFF927AFADE9AFD4s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibD18417F536F2B9765BCEEA0DA0974DE9s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibCB616B0F1E62C02FE6FAB70447F8FADCs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibB32E70E33B6500357C46E7FCE7ECBA85s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib507E77A12F7517258F087FF3FC31B8E0s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibAE74156D7B34698D564A05687751415Es1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib672787B3AB2592171F53B400F250302As1

M.B. Eppinga, W.H. Van der Putten and J.D. Bever Physics of Life Reviews 40 (2022) 614

[45] Lekberg Y, Bever JD, Bunn RA, Callaway RM, Hart MM, Kivlin SN, et al. Relative importance of competition and plant—soil feedback, their
synergy, context dependency and implications for coexistence. Ecol Lett 2018;21:1268-81.

[46] Levin SA. The problem of pattern and scale in ecology: the Robert H. MacArthur award lecture. Ecology 1992;73:1943-67.

[47] Liu QX, Herman PM, Mooij WM, Huisman J, Scheffer M, OIff H, et al. Pattern formation at multiple spatial scales drives the resilience of
mussel bed ecosystems. Nat Commun 2014;5:5234.

[48] Mack KM, Eppinga MB, Bever JD. Plant-soil feedbacks promote coexistence and resilience in multi-species communities. PLoS ONE
2019;14:e0211572.

[49] Mangan SA, Schnitzer SA, Herre EA, Mack KM, Valencia MC, Sanchez EI, et al. Negative plant—soil feedback predicts tree-species relative
abundance in a tropical forest. Nature 2010;466:752-5.

[50] Marasco A, Giannino F, Iuorio A. Modelling competitive interactions and plant-soil feedback in vegetation dynamics. Ric Mat
2020;69:553-77.

[51] Marasco A, Iuorio A, Carteni F, Bonanomi G, Tartakovsky DM, Mazzoleni S, et al. Vegetation pattern formation due to interactions between
water availability and toxicity in plant—soil feedback. Bull Math Biol 2014;76:2866—83.

[52] Mariotte P, Mehrabi Z, Bezemer TM, De Deyn GB, Kulmatiski A, Drigo B, et al. Plant—soil feedback: bridging natural and agricultural
sciences. Trends Ecol Evol 2018;33:129-42.

[53] Meisner A, De Deyn GB, de Boer W, Van der Putten WH. Soil biotic legacy effects of extreme weather events influence plant invasiveness.
Proc Natl Acad Sci USA 2013;110:9835-8.

[54] Meisner A, Jacquiod S, Snoek BL, Ten Hooven FC, Van der Putten WH. Drought legacy effects on the composition of soil fungal and
prokaryote communities. Front Microbiol 2018;9:294.

[55] Michaels TK, Eppinga MB, Bever JD. A nucleation framework for transition between alternate states: short-circuiting barriers to ecosystem
recovery. Ecology 2020;101:¢03099.

[56] Michaels TK, Eppinga MB, Angelini C, Holl KD, Bever JD. Can nucleation bridge to desirable alternative stable states? Theory and applica-
tions. Bull Ecol Soc Am 2021;e01953.

[57] Middleton EL, Richardson S, Koziol L, Palmer CE, Yermakov Z, Henning JA, et al. Locally adapted arbuscular mycorrhizal fungi improve
vigor and resistance to herbivory of native prairie plant species. Ecosphere 2015;6:1-16.

[58] Molofsky J, Bever JD. A novel theory to explain species diversity in landscapes: positive frequency dependence and habitat suitability. Proc
R Soc Lond B, Biol Sci 2002;269:2389-93.

[59] Molofsky J, Bever JD, Antonovics J, Newman TJ. Negative frequency dependence and the importance of spatial scale. Ecology 2002;83:21-7.

[60] Otten W, Hall D, Harris K, Ritz K, Young IM, Gilligan CA. Soil physics, fungal epidemiology and the spread of Rhizoctonia solani. New
Phytol 2001;151:459-68.

[61] Packer A, Clay K. Soil pathogens and spatial patterns of seedling mortality in a temperate tree. Nature 2000;404:278-81.

[62] Pueyo Y, Kéfi S, Alados CL, Rietkerk M. Dispersal strategies and spatial organization of vegetation in arid ecosystems. Oikos
2008;117:1522-32.

[63] Pugnaire FI, Morillo JA, Pefiuelas J, Reich PB, Bardgett RD, Gaxiola A, et al. Climate change effects on plant-soil feedbacks and consequences
for biodiversity and functioning of terrestrial ecosystems. Sci Adv 2019;5:eaaz1834.

[64] Reinhart KO, Packer A, Van der Putten WH, Clay K. Plant—soil biota interactions and spatial distribution of black cherry in its native and
invasive ranges. Ecol Lett 2003;6:1046-50.

[65] Reinhart KO, Tytgat T, Van der Putten WH, Clay K. Virulence of soil-borne pathogens and invasion by Prunus serotina. New Phytol
2010;186:484-95.

[66] Revilla TA, Veen GC, Eppinga MB, Weissing FJ. Plant—soil feedbacks and the coexistence of competing plants. Theor Ecol 2013;6:99-113.

[67] Revillini D, Gehring CA, Johnson NC. The role of locally adapted mycorrhizas and rhizobacteria in plant—soil feedback systems. Funct Ecol
2016;30:1086-98.

[68] Rietkerk M, Bastiaansen R, Banerjee S, van de Koppel J, Baudena M, Doelman A. Evasion of tipping in complex systems through spatial
pattern formation. Science 2021;374:eabj0359.

[69] Rietkerk M, Boerlijst MC, van Langevelde F, HilleRisLambers R, de Koppel JV, Kumar L, et al. Self-organization of vegetation in arid
ecosystems. Am Nat 2002;160:524-30.

[70] Rietkerk M, Van de Koppel J. Regular pattern formation in real ecosystems. Trends Ecol Evol 2008;23:169-75.

[71] Schwarz C, Gourgue O, Van Belzen J, Zhu Z, Bouma TJ, Van de Koppel J, et al. Self-organization of a biogeomorphic landscape controlled
by plant life-history traits. Nat Geosci 2018;11:672-7.

[72] Siero E, Siteur K, Doelman A, Koppel JVD, Rietkerk M, Eppinga MB. Grazing away the resilience of patterned ecosystems. Am Nat
2019;193:472-80.

[73] Siteur K, Mao J, Nierop KG, Rietkerk M, Dekker SC, Eppinga MB. Soil water repellency: a potential driver of vegetation dynamics in coastal
dunes. Ecosystems 2016;19:1210-24.

[74] Siteur K, Siero E, Eppinga MB, Rademacher JD, Doelman A, Rietkerk M. Beyond Turing: the response of patterned ecosystems to environ-
mental change. Ecol Complex 2014;20:81-96.

[75] Sutton JC, Sopher CR, Owen-Going TN, Liu W, Grodzinski B, Hall JC, et al. Etiology and epidemiology of Pythium root rot in hydroponic
crops: current knowledge and perspectives. Summa Phytopath 2006;32:307-21.

[76] Tarnita CE, Bonachela JA, Sheffer E, Guyton JA, Coverdale TC, Long RA, et al. A theoretical foundation for multi-scale regular vegetation
patterns. Nature 2017;541:398-401.

[77] Teste FP, Kardol P, Turner BL, Wardle DA, Zemunik G, Renton M, et al. Plant-soil feedback and the maintenance of diversity in Mediterranean-
climate shrublands. Science 2017;355:173-6.

[78] Turing AM. The chemical basis of morphogenesis. Philos Trans R Soc Lond B, Biol Sci 1952;237:37-72.

13


http://refhub.elsevier.com/S1571-0645(22)00001-X/bibD04F4F1E41C4DA07FE29F6B049A2FB50s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibD04F4F1E41C4DA07FE29F6B049A2FB50s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibACDD0CEFA33D2D210E6DDD09F0C4891Es1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibD138E5B33926505E35B94A0113E755B4s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibD138E5B33926505E35B94A0113E755B4s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib9AB237A697649F94877748771F103332s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib9AB237A697649F94877748771F103332s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibFD572373BF24EB66CB06BC1E0C49F5C2s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibFD572373BF24EB66CB06BC1E0C49F5C2s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib13E69FF8481CEF14678983C202647287s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib13E69FF8481CEF14678983C202647287s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib2532C273C434907CF6D5298B70BAE903s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib2532C273C434907CF6D5298B70BAE903s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibAFAD53813869A10FBDFF0ED24A608EBDs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibAFAD53813869A10FBDFF0ED24A608EBDs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibCF6444B00DD0E03422B7BD76FAEB9E83s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibCF6444B00DD0E03422B7BD76FAEB9E83s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib7FA9B25DBD74920B7113750732DCC942s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib7FA9B25DBD74920B7113750732DCC942s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib75E0B2BD3237BC87B11087CCBF961414s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib75E0B2BD3237BC87B11087CCBF961414s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibD1F450F7814608AD9952BF06228DCCDDs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibD1F450F7814608AD9952BF06228DCCDDs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib7358019D9CC920D30F68DBC19FF3317Es1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib7358019D9CC920D30F68DBC19FF3317Es1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib8E07D2C94615ADA7C46740F9307A5AE6s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib8E07D2C94615ADA7C46740F9307A5AE6s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib05296DA589DC6638760993DE4C6DDF93s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib92FB53EC00797A2407C510529827A615s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib92FB53EC00797A2407C510529827A615s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibEC3EF6F0791601C44F759B42A7E4C7F7s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib2F7766CC18A430B8FFA481A7E98BF7E4s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib2F7766CC18A430B8FFA481A7E98BF7E4s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib9892E251073918B0A4532E270C4453ACs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib9892E251073918B0A4532E270C4453ACs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibA283206FFFF69FC2D4BE6712BC37A677s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibA283206FFFF69FC2D4BE6712BC37A677s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibA08BCEDDDB72526725AF263857F20EF5s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibA08BCEDDDB72526725AF263857F20EF5s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib18772C8AADDED9163A21A893416505BBs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibE2D1EA3368AB32C4487FF598D9A76676s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibE2D1EA3368AB32C4487FF598D9A76676s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib94B7E1A07567B592D74438C789D0AFB7s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib94B7E1A07567B592D74438C789D0AFB7s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib758A503BEE806EB699631163EF4F3F17s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib758A503BEE806EB699631163EF4F3F17s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib9320ADAB7B99984F8F6676E4CB8E1474s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibBA6077C57C84FDE6D074B9010ED1E9AAs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibBA6077C57C84FDE6D074B9010ED1E9AAs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib1579FED04FFF28D343A1463051C83871s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib1579FED04FFF28D343A1463051C83871s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibCFB881CEC5A24FDAF118405CF190ED64s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibCFB881CEC5A24FDAF118405CF190ED64s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibAE3759E849F1C1467832A68C2A3CA382s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibAE3759E849F1C1467832A68C2A3CA382s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib7F9708F6BA232733508E125776E7C46Fs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib7F9708F6BA232733508E125776E7C46Fs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibD1873512291BC967BA55878AF7AE0FECs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibD1873512291BC967BA55878AF7AE0FECs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib80B26A7DE29B3DFD3153AA31658B9BD7s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib80B26A7DE29B3DFD3153AA31658B9BD7s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibA68A4191B626DBF68E810E2668B7803Cs1

M.B. Eppinga, W.H. Van der Putten and J.D. Bever Physics of Life Reviews 40 (2022) 614

[79] Turner MG. Landscape ecology: the effect of pattern on process. Annu Rev Ecol Syst 1989;20:171-97.

[80] Van der Putten WH. Plant defense belowground and spatiotemporal processes in natural vegetation. Ecology 2003;84:2269-80.

[81] Van der Putten WH, Bardgett RD, Bever JD, Bezemer TM, Casper BB, Fukami T, et al. Plant—soil feedbacks: the past, the present and future
challenges. J Ecol 2013;101:265-76.

[82] Van der Putten WH, Bradford MA, Pernilla Brinkman E, Van de Voorde TFJ, Veen GF. Where, when and how plant—soil feedback matters in
a changing world. Funct Ecol 2016;30:1109-21.

[83] Van der Putten WH, Kowalchuk GA, Brinkman EP, Doodeman GTA, Van der Kaaij RM, Kamp AFD, et al. Soil feedback of exotic savanna
grass relates to pathogen absence and mycorrhizal selectivity. Ecology 2007;88:978-88.

[84] Van der Putten WH, Macel M, Visser ME. Predicting species distribution and abundance responses to climate change: why it is essential to
include biotic interactions across trophic levels. Philos Trans R Soc Lond B, Biol Sci 2010;365:2025-34.

[85] Van der Putten WH, Peters BAM. How soil-borne pathogens may affect plant competition. Ecology 1997;78:1785-95.

[86] Van der Putten WH, Van Dijk C, Peters BAM. Plant-specific soil-borne diseases contribute to succession in foredune vegetation. Nature
1993;362:53-6.

[87] Van der Putten WH, Vet LEM, Harvey JA, Wickers FL. Linking above- and belowground multitrophic interactions of plants, herbivores,
pathogens, and their antagonists. Trends Ecol Evol 2001;16:547-54.

[88] Von Hardenberg J, Meron E, Shachak M, Zarmi Y. Diversity of vegetation patterns and desertification. Phys Rev Lett 2001;87:198101.

[89] Wallace H. Dispersal in time and space: soil pathogens. In: Cowling E, Horsfall G, editors. Plant disease. London, UK: Academic Press; 1978.
p. 181-202.

[90] Watt AS. Pattern and process in the plant community. J Ecol 1947;35:1-22.

[91] Westover KM, Bever JD. Mechanisms of plant species coexistence: roles of rhizosphere bacteria and root fungal pathogens. Ecology
2001;82:3285-94.

[92] Wiegand T, Uriarte M, Kraft NJ, Shen G, Wang X, He F. Spatially explicit metrics of species diversity, functional diversity, and phylogenetic
diversity: insights into plant community assembly processes. Annu Rev Ecol Evol Syst 2017;48:329-51.

[93] Wubs EJ, Bezemer TM. Effects of spatial plant-soil feedback heterogeneity on plant performance in monocultures. J Ecol 2016;104:364-76.

[94] Wubs EJ, Bezemer TM. Temporal carry-over effects in sequential plant—soil feedbacks. Oikos 2018;127:220-9.

[95] Yang P, Van Elsas JD. Mechanisms and ecological implications of the movement of bacteria in soil. Appl Soil Ecol 2018;129:112-20.

[96] Zentmyer GA, Richards SJ. Pathogenicity of Phytophthora cinnamomi to avocado trees, and the effect of irrigation on disease development.
Phytopathology 1952;42:35-7.

14


http://refhub.elsevier.com/S1571-0645(22)00001-X/bib54D0CA0D18D7A212B71C53210C81BA30s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib1161C5F544C0EF0DE3068DEBB4F92BF6s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibC765D4729C0CF409E0C4377C7E01BB53s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibC765D4729C0CF409E0C4377C7E01BB53s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib7A95E32776EEC7DBC711D5AC686F4E22s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib7A95E32776EEC7DBC711D5AC686F4E22s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib17B1114EE68DA068773E46484724513Es1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib17B1114EE68DA068773E46484724513Es1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib240532A69A72AA6EB90A298292540186s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib240532A69A72AA6EB90A298292540186s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib45EC1447B026560739BDBA176B0CF4EDs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibB41498878984063F237F261A0CB78DCDs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibB41498878984063F237F261A0CB78DCDs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib0DE8C835923113A2969D65B74F17F4CFs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib0DE8C835923113A2969D65B74F17F4CFs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib71606EA9EDE9FF19602C9B81208BCFB7s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib73473F02DEC2D2CCD0EC6C8D1D6252D1s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib73473F02DEC2D2CCD0EC6C8D1D6252D1s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib277273D1F03F15602DA30AC52E2428F6s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibEBE3CD285FE875E91B9027E7182AEC83s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibEBE3CD285FE875E91B9027E7182AEC83s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib699AE4F51E61A83ABE718D4543F85423s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib699AE4F51E61A83ABE718D4543F85423s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib68250475DA5B5BA4F2FF7A2CD8F1B430s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib51CCD5B84B61F545A000F05DB467120Fs1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bib6EF0BCE3C46FD3882041ACD1B02A7837s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibAC7B402EEFDB782D4498092C53683E69s1
http://refhub.elsevier.com/S1571-0645(22)00001-X/bibAC7B402EEFDB782D4498092C53683E69s1

	Plant-soil feedback as a driver of spatial structure in ecosystems
	Declaration of competing interest
	Acknowledgements
	References


