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1 Plant networks and the organisation of biodiversity

2

3 Abstract

4 Plant ecology focuses on how plants interact with each other and with their environment. 

5 PlantTherefore, plant diversity is more than a list of species, and the multitude and complexity 

6 of plant interactions challenges our understanding of plant communities. Recent advances in 

7 network theory support the study of biotic interactions among many species within plant 

8 communities, unveiling hidden organisation of plant diversity. Here, we review the results and 

9 methods to analyse and model plant–plant interaction networks, focusing mainly on natural 

10 ecosystems. We highlight how plant networks can help us to: a) assess the balance between 

11 facilitation and competition that may result in a wide range of potential outcomes; b) 

12 modelanalyse the role of multi-species plant–plant interactions beyond pairwise competition in 

13 structuring plant communities, and c) forecast the ecological implications of plant–plant 

14 interactions interaction networks for biodiversity maintenance across organisational levels. We 

15 also discuss the methodological pros and cons of different approaches used for inferring plant 

16 interactions, and the limitations and assumptions of network models. Finally, we pave the road 

17 for advancing plant ecology by using ecological networks that encompass different levels and 

18 spatio-temporal scales, and incorporate more biological information for better understanding 

19 the role of plant networks in the organisation and maintenance of biodiversity.

20

21 Keywords: biodiversity, commensalism, competition, ecological networks, ecosystem, 

22 facilitation, interaction chains, parasitism, plant community, spatial pattern, species 

23 interactions

24
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25 Introduction

26

27 ‘No plant is an island’ (Nature Plants 2016).

28

29 When we look at nature we can appreciate the impressive diversity of life. The biosphere is 

30 estimated to host about 450,000 plant species (Pimm and Joppa 2015), which compose highly 

31 diverse communities. However, how many different species can occurcoexist in a given 

32 community remains largely unknown. Traditionally, it has been proposed that environmental 

33 heterogeneity, competitive ability and niche differences between species pairs are the main 

34 drivers maintaining diversity sources of biodiversity in ecological communities (Grubb 1977, 

35 Chesson 2000, AdlerHilleRisLambers et al. 2007). However2012). In particular, a fundamental 

36 mechanism underlying plant diversity is niche differentiation, as highlighted by Grubb (1977). 

37 This includes diversification of abiotic requirements, life forms and functional traits, phenology 

38 and regeneration through space and time. Each of this process also contributes to and results 

39 from differences in species interactions in ecological and evolutionary time scales, respectively. 

40 Yet, plant communities harbour a huge variety of complex interactions that we have only 

41 recently started to unveil (Callaway 2007, Klein et al. 2016, Mescher and Pearse 2016, Levine et 

42 al. 2017) and that are). Such a complexity is challenging our understanding of plant diversity 

43 and the organisation of plant communities. A better understanding of the networks of plant–

44 plant interactions is therefore key to improving our knowledge of plant diversity.

45 But, why we should care about plant networks? Plant diversity is more than a list of 

46 species, a collection of herbarium specimens, a summary index, a phylogenetic tree or a 

47 multidimensional trait space. Rather, biotic interactions are foundational to plant diversity 

48 (Grace and Tilman 1990, Callaway 2007, Levine et al. 2017). That is, the type, intensity, and 

49 diversity of interactions and their network structure are all together mechanisms underlying 

50 plant diversity and communities. Plant networks can therefore encapsulate emergent 

51 properties of plant communities and provide further information that only species richness or 

52 phylogenetic similarity cannot. In this sense, plant networks extend knowledge of systematics 

53 and functional botany to explain patterns of plant diversity and improve our understanding of 

54 processes shaping plant communities (Verdú and Valiente-Banuet 2008, Kefi et al. 2012). This 

55 improved knowledge can have important implications to advance our forecasting ability and 

56 can benefit practices for conserving single populations and entire communities simultaneously.
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57 We identified three main challenges to be tackled for a better understanding of how 

58 networks of plant–plant interactions can influence biodiversity. First, besidesmoving beyond 

59 competition and including other widespread interactions between plants such asthat are crucial 

60 for the structure and dynamic of ecological communities. These include facilitation, 

61 commensalism, and parasitism are crucial for the structure and dynamics of communities 

62 (Callaway 2007, Burns and Zotz 2010). For example, facilitation and competition can potentially 

63 balance each other, resulting in a broad range of possible context-dependent outcomes 

64 (Callaway and Walker 1997, Levine 1999, Choler et al. 2001, Schöb et al. 2014a,b). Second, 

65 althoughmoving beyond pairwise interactions and including direct and indirect effects among 

66 multiple species. Although research in plant and theoretical ecology has mainly focused on 

67 pairwise interactions between pairs of species (Chesson 2000), species do rarely interact in 

68 isolation from the rest of species in thetheir community (Bascompte and Jordano 2014, Levine 

69 et al. 2017). Pairwise interactions can be affected by other species interactions (Mayfield and 

70 Stouffer 2017), as interactions between two species can change depending on the presence of 

71 other community members and the interactions among them (Losapio et al. 20172019). Third, 

72 plant interactions can have implications for ecological processes acting at different levels of 

73 organisation, as well temporal, and spatial scales, including. These include effects on plant eco-

74 physiology (Schöb et al. 2014a), demography (Verdú and Valiente-Banuet 2008), structure and 

75 diversity of communities (Butterfield et al. 2013; Kikvidze et al. 2015), species biogeography 

76 (Cavieres et al. 2014), and even evolutionary diversity at the global scale (Valiente-Banuet et al. 

77 2006). Thus, a proper characterization of interactions in each case will inform us about the 

78 implicationimplications of plant interactions in different ecological processes.

79 The development of new analytical methods has provided valuable tools to approach 

80 these mayor challenges. Since the end of the 1990s, ecology has benefited from the 

81 applicationdevelopment of network theory (Bersier 2007; Fortuna and Bascompte 2008). 

82 Originally, network analysis was first applied to predation and second to mutualistic 

83 interactions (McCann 2011; Bascompte & Jordano 2014), helping to). The study of food webs 

84 and mutualistic networks substantially helped us to understand theirthe contribution of trophic 

85 interactions to ecological and evolutionary processes andsuch as the maintenance of diversity. 

86 Nevertheless, despitebiodiversity. Despite the historical interest for biotic interactions in plant 

87 ecology, particularly for competition, plant networks have been largely overlooked in this field 

88 (Levine et al. 2017). Only with the development of network analysis based on both graph theory 
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89 and statistical mechanics (Jordán and Scheuring 2004) along with advances in user-friendly, 

90 open source software (e.g. Csardi and Nepusz 2007, Dorman et al. 2017), although they 2008), 

91 plant ecologists approached to “modern” network theory. Indeed, plant networks are now 

92 receiving increasing attention.

93 A combination of the accumulated knowledge on network theory and plant ecology can 

94 help tackling the three challenges mentioned above. Network theory can improve the 

95 theoretical models developed to explain plant community structure and dynamics combining 

96 different interactions. In addition, networks can help to test novel ecological hypothesis and 

97 provide a detailed characterization of the complexity of interactions that can shape plant 

98 diversity, potentially improving our forecast for how communities might respond to future 

99 changes. Finally, plant networks can be generated at different scales (Verdù and organization 

100 levels, identifying the role of plant interactions in specific ecological processesValiente-Banuet 

101 2008, Allesina and therefore contributing to a mechanistic understanding of plant 

102 communitiesLevine 2011, Grilli et al. 2017) as models and case studies are rapidly growing in 

103 number.

104 In this review, we synthetize the recent contribution of ecological networksthe network 

105 approach to understandingaddress species interaction in plant community and 

106 biodiversitycommunities. In particular, we highlight how plant networksstudying the 

107 organization and dynamics of plant–plant interactions from the network perspective can help 

108 us to: a) assess the balance between facilitation and competition that may result in a wide 

109 range of potential outcomes; b) model the role of multi-species plant–plant interactions 

110 beyond pairwise competition in structuring plant communities, and c) forecast the ecological 

111 implications of plant–plant interactions across organisational levels. We further revise classes 

112 of indirect interactions among plants (i.e. interactions between two plants mediated by a third 

113 plant) and propose how these can be analysed within a plant network framework. Moreover, 

114 we discuss assumptions, advantages and weaknesses of different methods used in the analysis 

115 of plant networksand models and their implications for a better understanding of ecological 

116 processes. We finally highlightWe conclude with highlighting main gaps and unsolved problems, 

117 and we design avenues for future research.

118

119 Looking at plant networks
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120 Ecological networks are composed by “nodes” (e.g. species) connected by “links” (e.g. biotic 

121 interactions) (Fig. 1). Nodes and links are then projected into a matrix, where nodes form rows 

122 and columns, and links form matrix entries (Fig. 1). Two types of ecological networks have been 

123 mainly used: unipartite and bipartite (Fig. 1). In unipartite networks, there is one set of nodes, 

124 and links can connect any node within the network (e.g. predation in food webs). In bipartite 

125 networks, there are two distinct sets of nodes, and the links can only connect nodes between 

126 sets (e.g. pollinators with plants in pollination networks). A third type of network is the 

127 multilayer network, in which nodes are connected across different networks (i.e. layers) which 

128 can represent multiple types of interactions, time or space (Fig. 1).

129 We can consider plant–plant interactions as unipartite networks or bipartite networks. In 

130 unipartite networks, plants belong to a single set, while in bipartite networks there are two 

131 different sets. In thisthe former case, plants are ecologically equivalent, while in the latter case, 

132 we would recognize a priori structural and functional differences between plants. For instance, 

133 two different sets of plants can be arranged on the basis of growth form (e.g. tree and liana), 

134 functional role (e.g. competitor and subordinate species) or life-history stage (e.g. seedling and 

135 adult). These groups will represent the two distinct sets of nodes in a bipartite plant–plant 

136 network. This type of bipartite network model assumes no direct interactions among members 

137 of each set of nodes (e.g. among trees in tree–liana networks).

138 Links in plant networks can be characterizedestablished either by directly measuring a 

139 selected type of interaction or by measuring species associations and then inferring interactions 

140 on the basis of spatial distribution. In the first case, the strength and sign of plant interactions is 

141 determined by any proxy for fitness (i.e. survival, reproductive success or growth rate) and 

142 quantified in the presence and absence of other plants (Connell 1961, Verdú and Valiente-

143 Banuet 2008, 2011, Alcantara et al. 2012, Delalandre and Montesinos 2018). In the second case, 

144 positive (or negative) species associations are based on spatial co-occurrence data that are 

145 used as a proxy for positive (or negative) interactions between species (Burns and Zotz 2010, 

146 Saiz and Alados 2011a, Losapio et al. 2018a, Montesinos-Navarro et al. 2018). Contrary to plant 

147 networks based on fitness measurements, co-occurrence networks describe the spatial 

148 organization of communities. and can be expressed at different spatial scales. It is important to 

149 keep in mind that thisthe spatial distribution of species is potentially influenced by plantbiotic 

150 interactions together with other fundamental ecological processes such as colonization, 

151 dispersion, habitat filtering and species turnover (Connell 1961, Kikvidze et al. 2015), so the 
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152 interpretation of these spatial networks is different from the first case. Finally, links in plant 

153 networks usually represent interspecific interactions, which are oftencan be classified based 

154 onas qualitative rather thanor quantitative net effects of thebiotic interaction on the fitness or 

155 spatial distribution of species (Kefi et al. 2012). In this way, linksLinks are often depicted as 

156 categorical variables including ‘-1’ or ‘-‘ for negative effects and ‘1’ or ‘+’ for positive effects, 

157 which can represent the outcome of interactions as well as reciprocal effects between species 

158 (Fig 1).

159

160 Methodological pros and cons

161 The application of network approaches to characterize ecological systems presents 

162 several features that make this methodology convenient. Networks enable to explore any 

163 system of interacting components at different levels, including single individuals, species 

164 (nodes), groups of species (blocks) or the community as a whole network across multiple spatial 

165 and temporal scales (Olesen et al. 2010). In addition, ecological networks can be able to unveil 

166 complex effects that methods traditionally used in community ecology cannot, such as indirect 

167 biotic interactions or emergent properties of ecological communities (e.g. extinction cascades, 

168 Bascompte and Jordano 2014). However, the use of networks is not exempt of problems, 

169 particularly because measuring or inferring plant interactions is not always an easy task.

170 Measuring biotic interactions at the community level can be challenging as the potential 

171 number of interactions increases exponentially with species richness (Scutari et al. 2014), so 

172 that the quantification of these interactions in the field or using experimental designs might be 

173 unfeasible. Fine-scale spatial distribution patterns can help to overcome this limitation if 

174 combined with measures of environmental heterogeneity plus independent proxies for growth 

175 rate and fitness. Surely, spatial patterns alone might not exclusively unveil biotic interactions 

176 even at the appropriate spatial scale (Connell 1961). This can therefore blur or bias our 

177 understanding of other ecologically-relevant processes that may play a role, such as dispersal or 

178 microhabitat conditions. This is the case of co-occurrence networks, which although useful to 

179 synthetize processes where spatial or environmental effects operate synergistically with biotic 

180 interactions and might reveal overall net effects, might not unveil properly the mechanisms 

181 underlying plant interactions (Delalandre 2018, Freilich et al. 2018). In addition, studies on 

182 ecological networks have demonstrated that ecological drivers behind network structure can be 
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183 obscured by neutral factors such as abundance distribution or the number of interactions 

184 observed (Dorman 2007).

185 The use of interaction networks in plant ecology implicitly assumes that the network 

186 reasonably reflects the ecological process it is representing. Building networks using 

187 experiments where biotic interactions are explicitly measured can establish a clear connection 

188 between network links and biotic interactions. On the other hand, limitations associated to co-

189 occurrence networks can be partially overcome by controlling environmental heterogeneity, 

190 plants dispersal patterns and survey scale (Saiz et al. 2018, Losapio 2018a). Methodologically, 

191 the application of null models to estimate the significance of observed patterns must be 

192 included in any analysis (Bascompte and Jordano 2014), and the use of networks should be 

193 encouraged to study emergent properties that cannot be addressed otherwise. In this way, 

194 networks will become a promising tool to better understand the role of direct and indirect 

195 biotic interactions in plant communities.

196

197

198 Plant–plant interactions in ecological networks

199 Competitive networks

200 Competitive networks represent competition among plants (Fig. 2). Competitive 

201 interactions are often represented as direct links, resembling the net outcome of negative 

202 interactions. Laird and Schamp (2006) proposed a theoretical model of competitive network 

203 based on species dominance, in which species are organised according to their direct net 

204 effects on other species, such as A > B, B > C and C > A. These competitive outcomes were 

205 therefore organised in square matrices with varying levels of species richness. Results indicate 

206 that intransitivity increased potential for promoting species coexistence. The competitive 

207 network model of Allesina and Levine (2011) considered different competitive abilities of 

208 species in relation to environmental limiting factors. This model assumed species competing in 

209 numerous patches, each of which is limited by a combination of up to five limiting factors. 

210 Results show that coexistence via intransitive competition (e.g. species A outcompetes species 

211 B, B outcompetes C, and C outcompetes A) is a stabilizing niche mechanism, and that 

212 heterogeneous environmental conditions interact with network structure to favour diversity. 

213 Since then, accumulated evidence has shown that intransitivity might play an important role in 

214 maintaining biodiversity. Along the same line, the theoretical model proposed by Grilli et al. 
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215 (2017) assumes species competing for gap colonization in forest ecosystems and is built on 

216 competitive exclusion principle. Interestingly, results showed that intransitive competition in 

217 forests may maintain biodiversity by increasing the stability of the community.

218 Godoy et al. (2017) tested the contribution of intransitive competition to explain stability 

219 in annual plant community. They found that intransitive competition was not common and 

220 coexistence was driven by niche differences when species richness is relatively low. These 

221 results therefore contradict the foregoing theoretical expectation given by random matrix 

222 theory. Similarly, Nakagawa et al. (2015) explored whether intraspecific competition was evenly 

223 distributed in the community. Building a competitive network between trees in a fir plantation, 

224 where links were the effect of neighbours on tree size, they show that competition was 

225 stronger between similar trees of similar age and that this effect may drive the spatial 

226 distribution of age classes. Using co-occurrence data, Soliveres et al. (2015) found a positive 

227 correlation between degree of intransitivity of competitive networks and species richness, 

228 suggesting a positive effect of intransitive competition on biodiversity.

229

230 Facilitation networks

231 The pioneering study of Verdú and Valiente-Banuet (2008) described facilitation patterns 

232 using seedling recruitment, seed-set and occurrence patterns of plants associated to nurse 

233 plants. Results show that facilitation networks across desert ecosystems exhibited a nested 

234 structure, which was similar to other mutualistic networks (Bascompte and Jordano 2014). This 

235 nested pattern implies that the establishment and survival of facilitated specialist species was 

236 enhanced by generalist foundation species, which are plants with important structural and 

237 functional role in the ecosystem and that interact with a broad range of other species. The 

238 arrangement of facilitative interactions in a nested way resulted in plant communities less 

239 vulnerable to biodiversity loss (Verdú and Valiente-Banuet 2008). Several subsequent studies 

240 have explored factors that can explain nestedness in plant facilitation networks. Nestedness 

241 can be explained by a combination of species abundance and their phylogenetic relationships 

242 (Verdú and Valiente-Banuet 2011, Marcilio-Silva et al. 2015). This pattern was consistent across 

243 different habitats such as drylands and forest-grassland ecotones. Phylogenetic relationships 

244 can be used as a proxy for functional dissimilarity, as closely related species are assumed to be 

245 more ecologically similar. Verdú et al. (2010) found different phylogenetic patterns when 

246 considering facilitation networks based on seedling or adult facilitated plants, suggesting an 
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247 ontogenetic shift from facilitation to competition across species and highlighting potential 

248 consequences for the organisation and evolution of the whole community.

249 Ecological networks can also help to understand dynamical properties of plant 

250 communities, in particular the process of ecological succession. Replacement networks have 

251 been used for this purpose, in which plant–plant interactions are modelled as a flow of 

252 resources across the ecosystem (Alcantara and Rey 2012). In food webs, resources can be light 

253 or nutrients that flow across species. In replacement networks, available space and gaps within 

254 vegetation can be seen as resources. In these gaps, plant species recruit and facilitate the 

255 establishment of other species, and these facilitated species can eventually replace the former 

256 over time. This approach allows identifying species associated in strongly connected 

257 components (i.e. tight groups of species that facilitate each other), where species are likely to 

258 persist over time, or other network components in which species are more likely to disappear 

259 (Alcantara and Rey 2012). In addition, authors showed that replacement networks can project 

260 realistic ecological succession using forest communities as a case of study (Alcantara et al. 

261 2015). 

262 Finally, plant network can explain variation in facilitation patterns across successional 

263 gradients. Losapio et al. (2018b) considered a multilayer network with facilitation by nurse 

264 plants at different ages and associated species in seed and adult stages. Results showed that 

265 life history stages and ontogeny drive the organisation of plant networks, suggesting that 

266 different processes are operating within the same community. For example, seed bank 

267 development was mainly due to random events while the establishment of adult plants was 

268 better supported by mature communities. Understanding plant networks over the course of an 

269 organism’s lifetime is therefore crucial for predicting the dynamics of communities across 

270 spatial and temporal scales.

271

272 Competition-facilitation networks

273 Competition and facilitation usually concur within the same plant community (Callaway 

274 and Walker 1997, Brooker et al. 2008), although they are often considered separately (Maestre 

275 et al. 2009). Thus, competitive networks neglect facilitative effects such as recruitment and 

276 reduced physiological stress, while facilitation networks overlook competitive interactions 

277 among subordinate species (Schöb et al. 2013) or negative feedbacks to foundation species 
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278 (Schöb et al. 2014). However, competition-facilitation networks can describe both competitive 

279 and facilitative interactions within the same community or ecosystem (Fig. 2a).

280 Interestingly, the first plant network we found in literature included both putative 

281 competition and facilitation (De Vries et al. 1954). Based on rank correlation between species 

282 abundances, it depicts a network – so called ‘constellation of plants’ – of both positive and 

283 negative co-occurrence links among 45 grassland species. Further studies used transplant 

284 experiments (Turkington and Harper 1979) together with community matrix theory (Roxburgh 

285 and Wilson 2000, Dormann 2007).), which is the matrix that includes the direct effects between 

286 species in a population dynamic model. These studies substantially contributed to 

287 understanding the consequences of species interactions, mainly competition, for the diversity 

288 and stability of plant communities. Nevertheless, only with the development of modern 

289 network analysis based on both graph theory and statistical mechanics (Jordán and Scheuring 

290 2004), along with advances in user-friendly open source softwares (e.g. knowledge ofCsardi and 

291 Nepusz 2007, Dorman et al. 2008), ecologists approached to “modern” ecological networks 

292 comprising both competition and facilitation is still very poor.

293 Recent advances for inferring planplant–plant interactions based on spatial patterns 

294 considerscan consider both competition and facilitation simultaneously. Here, positive spatial 

295 association can indicate putative facilitation, while negative spatial association can indicate 

296 putative competition (Callaway 2007). Using this approach, several authors have explored 

297 different factors affecting the spatial structure of plant communities. For instance, Fuller et al. 

298 (2008) showed that tree size can drive the spatial organization of tropical-forest networks, and 

299 Losapio et al. (2018) found that few stress-tolerant species were responsible for the 

300 cohesiveness of an alpine-tundra network, ultimately increasing the connectivity among plants. 

301 The consideration of both positive and negative links simultaneously can be relevant, 

302 considering that a right balance between positive and negative associations can have stabilizing 

303 effects for network structure (Saiz et al. 2017).

304 Analytical proposals to combine facilitation and competition within a given 

305 networksnetwork resulted in the seminal theoretical framework of Kefi et al. (2012), in which 

306 authors organized interactions in functional types and provided pathways to incorporate non-

307 trophic interactions into ecological networks. They considered both direct and indirect effects 

308 of foundation species on biomass density of associated species, showing that including 

309 facilitation in the network can increase species persistence and consequently plant diversity. 
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310 Overall, including both competition and facilitation within the same plant network is not a 

311 trivial detail but it is a more realistic assumption that can have relevant consequences for 

312 modelling plant communities. (Box 1).

313

314 Competitive networks

315 Competitive networks represent competition among plants (Fig. 2). Competitive 

316 interactions are often represented as direct links, resembling the net outcome of negative 

317 interactions. Laird and Schamp (2006) proposed a theoretical model of competitive network 

318 based on species dominance. The competitive network model of Allesina and Levine (2011) 

319 considered different competitive abilities of species in relation to environmental limiting 

320 factors. Results show that coexistence via intransitive competition (e.g. species A outcompetes 

321 species B, B outcompetes C, and C outcompetes A) is a stabilizing niche mechanism, and that 

322 heterogeneous environmental conditions interact with network structure to favour diversity. 

323 Since then, accumulated evidence has shown that intransitivity might play an important role 

324 maintaining biodiversity. Using co-occurrence data, Soliveres et al. (2015) found a positive 

325 correlation between degree of intransitivity of competitive networks and species richness. 

326 Along the same line, theoretical model proposed by Grilli et al. (2017) showed that intransitive 

327 competition in forests may maintain biodiversity and increases the stability of the community.

328 From a different perspective, Godoy and colleagues (Godoy et al. 2017) tested the 

329 contribution of intransitive competition to explain community stability. In an experiment with 

330 annual grasses, they found that intransitive competition was not common and community 

331 coexistence was driven by niche differences when species richness is relatively low. Similarly, 

332 Nakagawa and colleagues (Nakagawa et al. 2015) explored whether intra-specific competition 

333 was evenly distributed in the community. Building a competitive network between trees in a fir 

334 plantation, where links were the effect of neighbours on tree size, they show that competition 

335 was stronger between similar trees of similar age.

336

337 Facilitation networks

338 Pioneering study of Verdú and Valiente-Banuet (2008) described facilitation patterns 

339 using seedling recruitment, seed-set and occurrence patterns of associated plants. Results show 

340 that facilitation networks across desert ecosystems exhibited a nested structure, similarly to 

341 other mutualistic networks (Bascompte and Jordano 2014). This nested pattern implies that the 
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342 establishment and survival of facilitated specialist species was enhanced by generalist 

343 foundation species, resulting in plant communities less vulnerable to biodiversity loss (Verdú 

344 and Valiente-Banuet 2008).

345 Several studies have explored factors that can explain nestedness in plant facilitation 

346 networks. Nestedness can be explained by a combination of species abundance and their 

347 phylogenetic relationships (Verdú and Valiente-Banuet 2011, Marcilio-Silva et al. 2015). This 

348 pattern was consistent across different habitats such as drylands and forest-grassland 

349 ecotones. Phylogenetic relationships can be used as a proxy for functional dissimilarity, as 

350 closely related species are assumed to be more ecologically similar. Verdú et al. (2010) found 

351 different phylogenetic patterns when considering facilitation networks based on seedling or 

352 adult facilitated plants, suggesting an ontogenetic shift from facilitation to competition across 

353 species, highlighting potential consequences for the organisation and evolution of the whole 

354 community.

355 Ecological networks can help to understand dynamical properties of plant communities, 

356 in particular the process of ecological succession. Replacement networks have been used for 

357 this purpose, in which plant–plant interactions are modelled as a flow of resources across the 

358 ecosystem (Alcantara and Rey 2012). In food webs, resources can be light or nutrients that flow 

359 across species. In replacement networks, available space and gaps within vegetation can be 

360 seen as resources. In these gaps, plant species recruit and facilitate the establishment of other 

361 species, and these facilitated species can eventually replace the former over time. This 

362 approach allows identifying species associated in strongly connected components (i.e. tight 

363 groups of species that facilitate each other), where species are likely to persist over time, or 

364 other network components in which species are more likely to disappear (Alcantara and Rey 

365 2012). In addition, authors showed that replacement networks can project realistic ecological 

366 succession using forest communities as a case of study (Alcantara et al. 2015). 

367 Finally, plant network can explain variation in facilitation patterns across successional 

368 gradients. Losapio et al. (2018b) considered a multilayer network with facilitation by nurse 

369 plants at different ages and associated species in seed and adult stages. Results showed that 

370 life history stages and ontogeny drive the organisation of plant networks, suggesting that 

371 different processes are operating within the same community. For example, seed bank 

372 development was mainly due to random events while the establishment of adult plants was 

373 better supported by mature communities. Understanding plant networks over the course of an 
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374 organism’s lifetime is therefore crucial for predicting the dynamics of communities across 

375 spatial and temporal scales.

376

377 Parasitic and commensalistic networks

378 Apart from competition and facilitation, interactions among plants can also be parasitic 

379 and commensalistic (i.e. when species need their partners to growth and reproduce as for 

380 obligate symbiosis). However, parasitism and commensalism at plant community level have 

381 been largely overlooked. Parasitic and commensalistic plant networks describe host–parasite 

382 interactions and host–guest interactions between plants, respectively. Given the asymmetrical 

383 nature of these interactions and the clear functional differences between the two distinct sets 

384 of partners, both parasitic and commensalistic interactions are better represented by bipartite 

385 networks. Studies have mainly focused on epiphyte–tree interactions in tropical forests and 

386 often measured interactions by integrating natural history of species and spatial patterns, but 

387 less often using fitness components.

388 The pioneering study of Burns (2007) in New Zealand forests found that interactions 

389 between epiphyte plants and host trees were organized in a nested way, in which generalist 

390 epiphytes were the first to colonize host trees while specialist epiphytes grew only in a subset 

391 of trees hosting diverse species. A similar result was obtained for Amazonian-forest networks 

392 (Sfair et al. 2010) and for Chilean-forest networks (Taylor et al. 2016). Nestedness in 

393 commensalistic networks suggested that facilitation by soil accumulation on host tresstrees 

394 may be the mechanism responsible for epiphyte succession (Burns 2007). According to this 

395 model, early-generalist colonists ameliorate environmental conditions within host trees for 

396 later recruiting species that are more specialised and less stress tolerant. The distribution of 

397 epiphytes was clustered at both fine and large spatial scales (Burns and Zotz 2010), indicating 

398 that positive feedbacks may operate to drive the establishment of epiphyte communities over 

399 trees. Strikingly, all these plant–epiphyte networks were structurally similar to those of 

400 facilitation networks in desert ecosystems discussed above (Verdú and Valiente-Banuet 2008) 

401 and to pollination networks (Bascompte and Jordano 2014).), as they all showed a nested 

402 structure of species interactions. This suggests that general rulescommon processes may 

403 underlie the formation and stability of ecological networks regardless of study systems. Either 

404 pollination or plant commensalism, mutualistic networks tend to show a nested pattern, so that 
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405 specialist species tend to avoid interacting with small sets of specialist partners maximizing the 

406 interaction overlap between generalist and specialist species (Bascompte and Jordano 2014).

407 A fewFurther studies looked at possible determinants of nestedness in plant 

408 commensalistic networks. using phylogenetic and traits tools. The nested structure of 

409 commensalistic networks seemseems independent from the phylogeny of epiphytes and trees 

410 (Silva et al. 2010). A possible explanation is that the huge taxonomic and phylogenetic diversity 

411 harboured in tropical forests may blur the signal of phylogenetic filtering. On the other hand, 

412 phenotypic traits showed stronger predictivepredicting power. Analysing bromeliad 

413 communities in tropical forests, Sayago et al. (2013) found that tree size, wood density and bark 

414 texture were important factors contributing to the nested assembly of commensalistic 

415 networks. Overall, commensalistic networks change with forest age, being as the distribution of 

416 commensalistic interactions was more nested in old than young forests (Piazzon et al. 2011). 

417 The importance of mature forests as well as of tree abundance, tree size and bark texture was 

418 further confirmed by a later study in montane forests (Ceballos et al. 2016). As for previously 

419 mentioned plant facilitation networks (Losapio et al. 2018b), this result suggeststhese results 

420 suggest that ecological networks can change over organism’s lifetime with fundamental 

421 biological characteristics of the organisms such as ontogenetic stage and plant size.

422 Beside plant commensalistic networks, there is little consideration of parasitic 

423 interactions in plant networks. Plant parasitic networks seem to be composed by species-

424 specific interactions organised in a modular way. For instance, generalist mistletoes did not 

425 share host trees but colonized distinct groups of specific hosts (Genini et al. 2012). Studies 

426 looking at the organisation of interactions between epiphyte, mistletoeepiphytes, mistletoes 

427 and lianalianas with their host trees have found that coevolutionary dynamics can shape the 

428 spatial distribution of parasitic interactions (Blick and Burns 2009). They found evidence for 

429 competition among lianas for access to host trees, while host specificity limited species 

430 associations (Blick and Burns 2011). Moreover, a functional perspective has been also 

431 considered in plant parasitic networks but we cannot draw any clear pattern at the moment. 

432 Blick et al. (2012) explored whether the structure of plant parasitic networks can be predicted 

433 based on plants traits. Results show that phenotypic similarity between mistletoes and host 

434 tress was not responsible for the particular network structuretrees was not responsible for the 

435 particular network structure. This result contradicts with results in plant–insect mutualistic 

436 networks, where interaction intimacy, the degree of biological association between partners, 
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437 leads to differences in specialization patterns and might affect network organization 

438 (Bascompte and Jordano 2014). However, the intensity of interaction intimacy in plant 

439 community can substantially vary among individuals and communities, depending on life 

440 history traits and interaction types. In mistletoe–tree parasitic networks we propose that 

441 interaction intimacy can be an important factor of coevolution. On the other hand, in transient 

442 or unstable plant competition networks in disturbed environments we expect lower interaction 

443 intimacy than other plant networks.

444

445 Plant interactions: more than direct and pairwise

446 Plants in nature are confronted with a variety of neighbours belonging to the same and many 

447 different species. Nevertheless, interspecific biotic interactions are often described at the 

448 pairwise level, considering direct net effects between species pairs. However, it is increasingly 

449 recognized that interactions between two species change depending on other species in the 

450 community (Levine 1999, Callaway 2007, Levine et al. 2017, Losapio et al. 20172019; Mayfield 

451 and Stouffer 2017). In other words, a third species can change the effects of one species on 

452 another. In the following paragraphs, we review the main classes of indirectnon-pairwise 

453 effects among plants: diffuse interactions, indirect interactions and intransitive interactions 

454 (Fig. 3). During the last few years, excellent reviews on indirect interactions have been 

455 published (Sotomayor and Lortie 2015; Levine et al. 2017, Godoy et al. 2018, Soliveres et al. 

456 2018). Thus, our next paragraph focuses on how plant networks have helped to assess the 

457 relevance of the different non-pairwise and indirect effects among plants for plant 

458 communitiesdiversity.

459

460 Diffuse interactions

461 Diffuse interactions take place when several species compete with or facilitate more than 

462 one species withwithin the community (Pianka 1974; Moen 1989, Vandermeer 1990; Callaway 

463 and Pennings 2000) (Fig. 3a-b).3a-b). The overall effect of diffuse interactions on a focal species 

464 is equal to additive net effects of pairwise interactions. Theory shows that competitive 

465 inhibition by many species in diffuse competition can be equivalent to strong competitive 

466 inhibition by fewer competing species (Pianka 1974). Diffuse competition among three plant 

467 species has been reported in field experiments in salt marshes (Callaway and Pennings 2000), 

468 indicating that diffuse interactions can cancel direct competitive effects between plant species. 
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469 There is also evidence that a single species may facilitate many other subordinate species at the 

470 time, leading to diffuse facilitation (Chacòn-Labella et al. 2016, Losapio et al. 2018a).

471

472 Indirect interactions

473 Indirect interactions occur when many interaction pathways can take place between the 

474 same two (or more) species, so that the effects of one plant on another can be mediated by a 

475 third plantspecies (Grace and Tilman 1990; Callaway 2007) (Fig. 3c-j) or). The intermediary 

476 species can also bybe other organisms such as herbivores (Saiz and Alados 2014). 

477 Theseorganism than plants, like pollinators or mycorrhizal fungi, but here we focus only on 

478 interactions among plants, avoiding for instance insect-mediated indirect interactions (Sauve et 

479 al. 2014). Indirect interactions can buffer net effects, reversing the outcome of direct 

480 interactions (Levine 1999), and have the potential to result in profound effects on community 

481 dynamics (Levine 1976). Indirect interactions can occur through interaction chains and higher-

482 order interactions. (Wootton 1994). Interaction chains are sequences of direct species 

483 interactions resulting in indirect effects that are mediated by changes in population size, 

484 density or growth rate of intermediary species (Grace and Tilman 1990; Sotomayor and Lortie 

485 2015; Levine et al. 2017). On the other hand, for higher-order interactions the effects of 

486 interactions between two species on a third species are mediated by changes in species 

487 phenotypes or functional traits (Vandermeer 1990, Ohgushi et al. 2015; Levine et al. 2017).

488 Examples of indirect interactions are depicted in Figure 3 (c-j). One species can indirectly 

489 decrease the abundance of a second species by directly increasing the abundance of its 

490 competitor (Fig. 3c). This apparent competition often involves enemies like herbivores and 

491 pathogens associated to the third species (Burger and Louda 1994). Negative indirect effects 

492 can also raise when a species suppresses a facilitator of another species, a case of exploitation 

493 competition (Fig. 3d), like in the case reported by Llambi et al. (2018) where an invasive plant is 

494 suppressing a native plant by outcompeting its facilitator. One species can also indirectly 

495 increase the abundance of a second species by facilitating its facilitator as in the case of 

496 facilitation cascade (Altieri et al. 2007) (Fig. 3e). The intermediary species can also be other 

497 organism than plants, like pollinator or mycorrhizal fungi. Conversely, one species can indirectly 

498 increase the abundance of a second species by suppressing its competitor, as in apparent 

499 facilitation (Fig. 3f). This indirect facilitation3f) (Levine 1999) is the example in which ‘the 

500 enemy of my enemy is my friend’.). A separate case is facilitation-induced competition (Fig. 3g), 
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501 in which one species is facilitating two other species that are therefore indirectly competing 

502 against each other. This can particularly be the case of facilitation-driven systems like arid 

503 environments, where it has been found that foundation species had positive effects on annual 

504 plant species that thereby go into competition (Schöb et al. 2013). On the other way around, 

505 two species can indirectly facilitate each other by outcompeting a common competitor. This 

506 type of competition-mediated facilitation (Fig. 3h) can occur for instance3h) resembles the case 

507 when “the enemy of my enemy is my friend”. Evidence for this interaction type has been found 

508 among animals rather than among plants in coral reefs, where parrotfish and corals are 

509 mutually facilitating each other by competitively excluding macroalgae (Bozec et al. 

510 2013).2013). We hypothesise that indirect interactions with positive outcomes would increase 

511 spatial aggregation and network nestedness, while negative outcomes would promote the 

512 development of modular structure.

513 Both diffuse and indirect interactions may be explored using Bayesian network inference. 

514 By looking at all potential direct and indirect relationships among species in the community (i.e. 

515 by assessing the conditional dependencies among species abundance) it might be possible to 

516 identify interactions that significantly affect a given focal species (Scutari et al. 2014, 

517 Staniczenko et al. 2017). This technique overcomes the challenge of estimating an unfeasible 

518 number of parameters by applying a heuristic search for optimal solutions. A network is 

519 proposed by different algorithms and sequentially compared to co-occurrence relationships 

520 observed though a goodness-of-fit statistics. Then, the network is modified and the process 

521 iterated until maximum fitness is reached, and the network that best matches the data can be 

522 selected. This tool has been widely used to study interaction patterns in disciplines such as 

523 molecular biology and medical bioinformatics (Chai et a. 2014), but its application to study 

524 ecological interactions has been much less extendedexplored (but see Staniczenko et al. 2017, 

525 Delalandre et al. 2018, Montesinos-Navarro et al. 2018).

526

527 Intransitive interactions

528 When interactions between species are non-hierarchical, as net direct effects cannot be 

529 linearly ranked, intransitive loops can emerge (Fig. 3i-j). In intransitive competition, like in a 

530 ‘rock-paper-scissorscissors game’, competitive dominance of species is even so that A 

531 outcompetes (>) B, B > C and C > A (Fig. 3i). Despite plant communities are often envisioned as 

532 characterized by hierarchical, competitive dominance (i.e. transitive competition) was 
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533 considered the rule in plant communities (Grace and Tilman 1990, Keddy 2017), the list of 

534 studies reporting intransitivity is rapidly growing during last few years (see e.g. Grilli et al. 2017, 

535 Soliveres et al. 2015), yet). Yet, its widespreadspread and importance remainsremain highly 

536 controversial (Levine et al. 2017). 

537 The swap from interaction hierarchies to intransitive loops is likely to emerge in spatially 

538 or temporally heterogeneous systems, when there is more than one limiting resource or when 

539 species differ in their traits trade-offs related with growth rates and resource acquisition 

540 (Allesina and Levine 2011). Intransitivity may also occur in facilitative interactions (Fig. 3j), due 

541 to indirect reciprocity ‘I help you, somebody helps me’ (Boyd et al. 2003) but its relevance 

542 remains still unveiled in natural communities. Although intransitive facilitation is a well-

543 established factor in evolutionary biology, the ecological implications of this type of interactions 

544 are still unexplored also under the theoretical point of view.

545 Theory shows that intransitive competition in complex ecological networks can enhance 

546 community persistence (Laird and Schamps 2006, Allesina and Levine 2011, Grilli et al. 2017). 

547 Network properties such as species connectance (Alcantara et al . 2015), relationships between 

548 the subnetworks within the network (Alcantara et al. 2012) and the competitive ranking among 

549 species (Laird and Schamp 2006) can significantly influence the persistence of species within 

550 communities. Moreover, compartmentalization and high number of species participating in 

551 these intransitive loops can increase the robustness of plant communities to species loss 

552 (Alcantara et al. 2012)). These modelling studies indicate how intransitive interactions can 

553 support plant diversity by enhancing community stability. Yet, its importance and empirical 

554 evidence is controversial (Godoy et al. 2017) as intransitive competition alone might be not 

555 strong enough to determine species persistence within a community.

556 Taken together, these studies suggest that indirectnon-pairwise interactions may occur at 

557 the whole-network level and can be relevant for community dynamics. This implies that indirect 

558 effects of plant interactions are more complex than previously thought and can substantially 

559 depend on network organisation. These diffuse, indirect and intransitive interactions ‘spread’ 

560 across the networks and have the potential to reverse negative effects of direct pairwise 

561 interactions, with fundamental consequences for species persistence and biodiversity 

562 maintenance. However, we still do not know enough to draw causal relationships between 

563 these interactions and the biodiversity we observe in nature. Indirect interactions in plant 

564 networks may be hard to unveil but this is a crucial challenge as these network-level 
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565 interactions may improve our understanding about the stability and functioning of ecological 

566 communities.

567

568 Ecological implications of plant interactions across organisational levels

569 A combination of the accumulated knowledge on network theory and plant ecology is 

570 tackling the three challenges mentioned above. Network theory improves models of plant 

571 community structure and dynamics (Kefi et al. 2012, Grilli et al. 2017), particularly by combining 

572 different interaction types within and across trophic levels (Sauve et al. 2014, Losapio et al. 

573 2019). Ecological networks have been appliedused to answer relevant questions in plant 

574 ecology at different scales, from populations to ecosystems (Box 1).

575 Box 1. Effects of livestock grazing on a spatial plant network.
576 Sustaining livestock grazing is one of the most important services provided by plants. In turn, grazing has important 
577 effects on plant communities, such as reducing biomass, altering regeneration niches and modulating interspecies 
578 competition (Olff and Ritchie 1998). Here, we present a case study of how grazing influences the structure of 
579 spatial networks in Mediterranean plant communities (South East Spain, data from Saiz and Alados 2012).
580 We selected two communities: one natural (i.e. absence of livestock grazing) and another overgrazed (i.e. livestock 
581 grazing intensity higher than sustainable levels). For each community, we created a network with positive and 
582 negative links based on the spatial aggregation and segregation between each species pair, respectively. These 
583 were assessed on the basis of abundance data correlation. Then, for each network, we calculated the proportion 
584 of non-connected species (NC = species with no links divided by total number of species), link density (D = I/SR, 
585 where I is the total number of links over total number of species), link ratio (R = (I+ - I-)/I, where I+ and I- are the 
586 total number of positive and negative links, respectively), and the occurrence of highly connected modules (𝑀 =

587 , where NM is the number of modules in the network, IS is the number of links within module S, ∑𝑁𝑀

𝑆 = 1(𝐼𝑆

𝐼 ― (𝑘𝑆

2𝐼)2) 

588 and kS is the sum of links of all species in S). Observed network properties were then compared with null models.

589           
590 Figure B1. Plant spatial networks for the natural (left) and overgrazed (right) communities in Mediterranean 
591 ecosystems (South East Spain). Nodes (dots) represent plant species, blue links represent positive links 
592 (aggregation) and red links represent negative links (segregation).
593
594 We found that overgrazing had a strong impact on the structure of plant networks (Table 1, Figure 1). Overgrazing 
595 substantially simplified the community and caused the loss of many positive associations between species. In 
596 particular, overgrazing breaks the patchy structure of the vegetation, precluding the persistence of species that 
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597 require the presence of plant patches to survive. Interestingly, both communities show highly connected modules, 
598 but for different reasons. In natural communities, modules represent the many patches with different species 
599 composition. Whereas, in overgrazed communities, modules organize around one highly segregate species, that is 
600 poorly consumed by livestock and dominate the community (Fig. 1). These results shed new light on the profound 
601 consequences of overgrazing on the structure and functioning of plant communities.

NC D R M
natural 0.18 3.18 0.38 0.49***
Overgrazed 0.42 1.44 0.12 0.49**

602 Table B1. Structure of spatial networks in two communities with different livestock grazing intensity. NC is 
603 proportion of non-connected species; D is the link density; R is the link ratio; M is the modularity. ** and *** 
604 indicate that modularity is significantly higher than expected by 1000 random networks.
605

606 Plant network structure has been linked to community robustness and stability. Some 

607 properties of plant facilitation networks such as nestedness or scale-free degree distributions 

608 can maximize the number of species occurring in the community (Verdú and Valiente-Banuet 

609 2008; Saiz and Alados 2011a; Kefi et al. 2012). On the other hand, replacement networks have 

610 been shown to be structured in strongly connected components (Alcantara 2012). Saiz and 

611 Alados (2014) found that grazing simplifies the structure of the plant community, with livestock 

612 disturbance increasing the number of species isolated from the rest of the community. Using a 

613 modelling approach, Losapio and Schöb (2017) also proposed a framework for assessing the 

614 response of plant networks to climate change. This model integrates functional traits as 

615 biology-informed criteria of species sensitivities into facilitation networks, showing that the 

616 resistance of plant communities . Specifically, someand inherent biodiversity depend on the 

617 driver of environmental change. Plant networks can therefore contribute to conservation by 

618 gaining a better understanding of how plant network structure can be altered by extrinsic 

619 factors (e.g. global change drivers) and can limit local population extinction. These areas 

620 constitute a potential framework to assess how plant interactions contribute to species 

621 persistence and community robustness against species loss, with important implication for 

622 conservation strategies. Future studies shall empirically test how different aspects of plant 

623 networks, such as the distribution of plants in modular patches, may increase the conservation 

624 of local populations. Future studies shall also improve forecasting of interaction-mediated 

625 community response to environmental change by including different layers of plant fitness 

626 information as well as addressing direct and indirect antagonistic and mutualistic interactions 

627 (Sauve et al. 2016). In sum, plant networks seem a promising tool to improve management 

628 strategies by considering how the whole organisation of plant communities can be affected by 

629 changes driven by both extrinsic and intrinsic factors.
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630 Other applications of plant networks have been oriented to assessstudies of spatio-

631 temporal dynamics of plant communities (succession), predict spatial distribution of species 

632 from local to broad geographical scale, explore mechanisms maintaining plant diversity, 

633 improve the design of management strategies, and evaluate the potential responses of plant 

634 communities to climate change.

635 The temporal dynamics of successional. In particular, processes hasinvolved in ecological 

636 successions have been approached using plant networksexamined by both focusing on 

637 foundation-species effects and other components such as replacement and turnover. Overall, 

638 the role of foundation species in plant communities is  comparable to that of keystone species 

639 in food webs (Jordán 2009). Foundation species play a key role for structuring plant facilitation 

640 networks, especially in stressful environments such as arid ecosystems (Verdú and Valiente-

641 Banuet 2008, 2011, Saiz and Alados 2011b, Losapio et al. 2018b) and alpine ecosystems 

642 (Losapio et al. 2018a). For instance, the tussock grass Stipa tenacissima increased the spatial 

643 aggregation of subordinate species (Saiz and Alados 2011a). These plant networks show a scale-

644 free degree distribution (Jordán and Scheuring 2004), meaning that the majority of plant 

645 species is loosely associated to other species while only few species have a large number of 

646 neighbours (Saiz and Alados 2011b).

647 A deeper understanding of succession processes in plant communities can arise from 

648 predicting networks’ dynamical properties based on their topologies. Alcantara et al. (2012) 

649 proposed that the theoretical concept of strongly connected components can be a useful 

650 property to consider for this aim. Nestedness of plant facilitation networks has been proposed 

651 to be also responsible for driving ecological succession as networks become more nested with 

652 increasing successional age (Losapio et al. 2018a). This suggests that the stability of ecological 

653 networks increases throughout ecological successions, as also evidenced by plant–insect 

654 network dynamics (Losapio et al. 2015). Results from tropical forests (Marcilio-Silva et al. 2015) 

655 also highlight the importance of species turnover over the influence of some species traits 

656 related to dispersal and canopy size. Alcantara et al. (2012) proposed the concept of strongly 

657 connected components for predicting dynamical properties of networks based on network 

658 topology. These network components are groups of nodes where resources flow either directly 

659 or indirectly, from one to the other and in both directions, and they can represent successional 

660 dynamics among species that can persistent over time. Nestedness of plant facilitation 

661 networks has been proposed to be also responsible for driving ecological succession, in this 
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662 case in tropical forests (Marcilio-Silva et al. 2015), highlighting the importance of species 

663 turnover over the influence of other traits related with dispersal and canopy size.

664 Plant networks haveEcological network theory has been also succinctly used to 

665 assessmodel species distribution at different spatial scales, but its application to study plant 

666 interactions and plant communities has been much less extended. From a biogeographical 

667 perspective, species distribution models have usually considered macroecological abiotic 

668 factors to predict species distribution, although the. However, recent interest in including biotic 

669 interactions plant interaction networks into species distribution models has increased recently 

670 (Staniczenko et al. 2017). Results of Bayesian network of annual plant community showed that 

671 considering plant interactions substantially altered assessments of species range changes under 

672 future environmental change. Indeed, Bayesian network inference has been showed to 

673 improveimproves the prediction of plant species distribution models by providingand provides 

674 a feasible way of including information about the co-occurrence patterns among all the species 

675 in the community (Montesinos-NavavroNavarro et al. 2018). At a local scale, it has been also 

676 tested whether this technique can precisely infer plant–plant interactions, showing that 

677 networks could reflect different processes at different spatial scales, and its sensitivity to the 

678 sampling spatial scale requires caution in the interpretation of the inferred links (Delalandre 

679 and Montesinos-Navarro 2018). Potential future applications include integrating individual-

680 based networks models (Olesen et al. 2010) with species distribution models, then testing these 

681 predictions in the field. Particularly relevant to future directions is understanding how current 

682 network structure may drive local adaptation to microhabitat conditions as well as to novel 

683 interacting partners and extinct partners.

684 In addition, plant networks have also contributed to a better understanding of the 

685 mechanisms that can maintain biodiversity. Thus, network structure has been linked to 

686 community robustness and stability. For example, some properties of plant facilitation 

687 networks such as nestedness or scale-free degree distributions can maximize the number of 

688 species occurring in community (Verdú and Valiente-Banuet 2008; Saiz and Alados 2011a; Kefi 

689 et al. 2012). On the other hand, replacement networks have been shown to be structured in 

690 strongly connected components, constituting a potential tool to assess which plant-plant 

691 interactions are more likely to contribute to species persistence and community robustness to 

692 species loss (Alcantara 2012).
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693 Finally, plant networks can also contribute to design management strategies if we gain a 

694 better understanding of how their structure can be altered by extrinsic factors. Saiz and Alados 

695 (2014) found that grazing simplifies the structure of the plant community, with livestock 

696 disturbance increasing the number of species isolated from the rest of the community. Using a 

697 modelling approach, Losapio and Schöb (2017) also proposed a framework for assessing the 

698 response of plant networks to climate change. This model integrates functional traits as 

699 biology-informed criteria of species sensitivities into facilitation networks, showing that the 

700 resistance of plant communities depends on the driver of environmental change (Losapio and 

701 Schöb 2017). Thus, plant networks seem a promising tool to improve management strategies by 

702 considering how the whole structure of plant communities can be affected by changes driven 

703 by both extrinsic and intrinsic factors.

704

705 Methodological pros and cons

706 The application of network approaches to characterize ecological systems presents 

707 several features that make this methodology convenient. Networks enable to explore any 

708 system of interacting components at different levels, including single species (nodes), groups of 

709 species (blocks) or the community as a whole (network, Bocaletti et al. 2006). Interaction 

710 networks can be able to unveil complex effects that methods traditionally used in community 

711 ecology cannot, such as indirect biotic interactions or emergent properties of ecological 

712 communities (e.g. extinction cascades, Bascompte and Jordano 2014). Finally, network theory 

713 can be particularly convenient in plant community ecology, as there is a considerable amount 

714 of existing data of plant species co-occurrences, which can be easily used to elucidate plant 

715 interactions patterns in plant communities. 

716 However, the use of networks is not exempt of problems. Measuring biotic interactions 

717 at community level can be challenging as the potential number of interactions increases 

718 exponentially with species richness (Scutari et al. 2014), so that the quantification of these 

719 interactions in the field or using experimental designs might be unfeasible. An approach to 

720 overcome this limitation is using spatial distribution patterns as proxies for biotic interactions, 

721 but with the caveat that they might not exclusively unveil biotic interactions. This can therefore 

722 blur or bias our understanding of other ecologically-relevant processes such as dispersal. This is 

723 the case of co-occurrence networks, which although useful to synthetize processes where 

724 spatial or environmental effects operate synergistically with biotic interactions, might not 
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725 represent properly pairwise plant interactions (Delalandre 2018, Freilich et al. 2018). In 

726 addition, studies on ecological networks have demonstrated that ecological reasons behind 

727 network structure can be obscured by neutral factors such as species richness or abundance 

728 distribution, or the number of interactions observed (Dorman 2007).

729 The use of interaction networks in plant ecology implicitly assumes that the network 

730 reasonably reflects the ecological process it is representing. Building networks using 

731 experiments where biotic interactions are explicitly measured can establish a clear connection 

732 between network links and biotic interactions. On the other hand, limitations associated to co-

733 occurrence networks can be partially overcome by controlling environmental heterogeneity, 

734 plants dispersal patterns and survey scale (Saiz et al. 2018, Losapio 2018a). Methodologically, 

735 the application of null models to control neutral factors must be included in any analysis 

736 (Bascompte and Jordano 2014), and the use of networks should be encouraged to study 

737 emergent properties that cannot be addressed otherwise. In this way, networks will become a 

738 promising tool to better understand the role of direct and indirect biotic interactions in plant 

739 communities.

740

741

742 Conclusion and future directions

743 The combination of network theory and plant ecology has provided new avenues to study the 

744 role of biotic interactions for the structure and dynamic of plant communities. The study of 

745 plant networksResearch along this line has indicated how the hierarchy of plant competition 

746 can influence species persistence and community stability. WeBy highlighting how species are 

747 connected, what makes some species more connected than others, and how they influence 

748 each other’s persistence through the community network we have gained a deeper 

749 understanding of the effects of plant–plant interactions  facilitation on the maintenance of 

750 species diversity. In addition, plant networks show structural properties common to other 

751 classes of ecological and complex networks. Indeed, plant facilitation networks and plant 

752 commensalistic networks have similar architecture (nestedness and modularity) to other types 

753 of networks such as pollination networks. Finally, plant networks may help quantifying the 

754 effects of indirect interactions on species persistence.biodiversity at the community level. 

755 Overall, plant networks are revealing general processes underlying the organisation of 

756 biodiversity across systems as patterns seemreveal properties that are consistent over many 
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757 different species and environments, from tropical forests to alpine tundra, and are common to 

758 other classes of ecological and complex networks.

759 But why we should care about plant networks? Plant diversity is more than a list of 

760 species, a collection of herbarium specimens, a summary index of diversity, a phylogenetic tree 

761 or a multidimensional trait space. Rather, biotic interactions are fundamentals for plant 

762 communities and the diversity of interactions as well as the structure of plant networks may 

763 ultimately contribute to biodiversity maintenance. Plant networks can therefore help to 

764 capture some emergent properties of plant communities and provide further information that 

765 only species richness or relative abundance cannot. In this sense, plant networks can 

766 complement knowledge of systematics and functional botany to better explain patterns of 

767 plant diversity and improve our understanding of processes shaping plant communities. For 

768 instance, considering positive, neutral and negative interactions at the same time will 

769 substantially help moving the field of plant ecology forward. Dynamic plant networks can play a 

770 fundamental role for the persistence of plant populations, species and communities in natural 

771 ecosystems under climate change. Characterizing plant networks under different 

772 environmental conditions and interaction regimes can therefore improve the accuracy of our 

773 predictions to how single species and entire communities can respond to global warming.

774 Our understanding of processes shaping plant networks as well as their consequences for 

775 biodiversity is still limited by scarce theoretical and experimental understanding.Yet, our 

776 understanding of processes shaping plant networks as well as their mechanisms underlying 

777 biodiversity maintenance is still limited, particularly in natural ecosystems. Questions like how 

778 robust are specialised and generalised plant interactions, the combined effects of facilitation 

779 and competitive networks on community stability, or the role of network structureinteraction 

780 diversity for biodiversity maintenance are still largely unanswered under both theoretical and 

781 empirical point of view. Some of the futureFuture directions where research on plant networks 

782 may move forward involve consideringcan considers plant multilayer networks that include 

783 different interaction types and trophic levels responsible for plant fitness, such as mutualistic 

784 and antagonistic organisms. (Sauve et al. 2016). Plant network modelling in a context of 

785 ecological succession and environmental gradients can reveal mechanisms linking biotic 

786 interactions, community dynamics and ecosystem functioning such as plant 

787 productivity.processes. Finally, we still have a very limited knowledge of the effectsrole of plant 

788 interactions and their networks onin eco-evolutionary dynamics. A plant (Schöb et al. 2018). In 
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789 this area, relevant questions such as how indirect interactions and network understanding 

790 canstructure contribute to assess the role of multiple biotic interactions on micro-evolutionary 

791 processes and local adaptation in plant communities are still unanswered. To do so, it seems 

792 important moving from the description of local plant networks to formalise mathematical 

793 models associated with experimental assessment in the lab and in the field. Plant network 

794 studies at different levels of organisation embracingthat embrace the peculiarity of plant 

795 kingdom across different organisation levels have a great potential for advancing plant ecology 

796 and diversitybiodiversity science.

797
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1038 Figure captions

1039 Figure 1 Elements of plant networks. Plant networks are composed by nodes (e.g. species, 

1040 individuals, genotypes, phenotypes, functional groups, vegetation patches) connected by links 

1041 (e.g. competition, facilitation, commensalism, parasitism, co-occurrence). Nodes and links are 

1042 represented in matrices and therefore network objects.

1043

1044 Figure 2 Types of plant networks. Competition-facilitation networks are composed by both 

1045 competitive (blue) and facilitative (red) interactions. Competitive or parasitic networks are 

1046 composed only by negative interactions, while facilitation and commensalistic networks are 

1047 composed only by positive interactions.

1048
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1049 Figure 3. Indirect effects among plants. Diffuse interactions (a-b), interaction chains and 

1050 higher-order interactions (c-h), intransitive interactions (i-j).
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Supporting Information 
 
Tab. 1 Summary of literature analysis about plant networks. 
 

Plant Interaction Link 
Network 
type System Property Method Output Reference 

Type of 
study 

Model 
Facilitation, 
competition 

Spatial 
occurrence 

Bayesian 
network 
inference 

Machair 
vegetation 

Inference of the 
interaction pattern 

Bayesan network 
inference 

There is an imbalance between positive and negative 
interactions, dominating the positive interactions 

Aderhold et 
al. 2012 

Data from other 
sources 

Tree, sapling Replacement 

Spatial 
occurrence + 
recruitment Unipartite Forest 

Components, 
modularity, 
robustness 

Observation, null 
model Modularity decreases network robustness 

Alcantara & 
Rey 2012 Observational 

Nurse, sapling Replacement 
Spatial 
occurrence Bipartite Forest Cover 

Observation, 
simulation Disturbance decreases forest recovery 

Alcantara et 
al. 2015 Theoretical 

Model Competition 
Competitive 
outcome 

Complete 
unipartite 

Random 
tournaments Species richness Simulation Core of intransitive competition supports networks 

Alcantara et 
al. 2017 Theoretical 

Model Competition 
Competitive 
outcome 

Complete 
unipartite 

Random 
tournaments Species richness Simulation Intransitive competition increases species richness 

Allesina & 
Levine 2011 Theoretical 

Mistletoe/liana/
epiphyte, tree 

Parasitic, 
commensalis
tic 

Spatial 
occurrence Bipartite Forest Nestedness 

Observation, null 
model Coevolutionary dynamics shape network structure 

Blick & 
Burns 2009 Observational 

Liana, tree 
Commensalis
tic 

Spatial 
occurrence Bipartite Forest Species association 

Observation, null 
model Host specificity limits species associations 

Blick & 
Burns 2011 Observational 

Mistletoe, tree Parasitic 
Spatial 
occurrence Bipartite Woodland 

Specialization, 
interaction strength 

Observation, null 
model Phenotypic-trait similarity predicts network structure 

Blick et al. 
2012 Observational 

Epiphyte, tree 
Commensalis
tic 

Spatial 
occurrence Bipartite Forest 

Species association, 
meta-community 

Observation, null 
model Species distribution clumped at fine and large scales 

Burns & 
Zotz 2010 Observational 

Epiphyte, tree 
Commensalis
tic 

Spatial 
occurrence Bipartite Forest 

Species and 
community 
organisation 

Observation, null 
model Species randomly distributed within nested community Burns 2007 Observational 

Epiphyte, tree 
Commensalis
tic 

Spatial 
occurrence Bipartite Forest 

Connectance, 
nestedness, 
specialisation 

Observation, null 
model Tree size and species abundance explain network structure 

Ceballos et 
al. 2016 Observational 
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Adult 
Facilitation, 
competition 

Clustering 
and 
segregation Unipartite Grassland connectance observation first plant-plant spatial association network I found 

de Vries et 
al. 1954 Observational 

Nurse, 
aseedling/saplin
g 

Facilitation, 
competition 

Spatial 
occurrence + 
fitness Unipartite Steppe Species association 

Observation, null 
model Multiple indirect interactions structure plant communities 

Delalandre 
& 
Montesinos
-Navarro 
2018 Observational 

Model 

Inter-guild 
mutualism 
and intra-
guild 
competition 

temporal 
overlap 
between 
species 
phenology Bipartite Annual plants Community stability Simulation 

The distribution of phenologies influences the stability and 
coexistence of species. 

Encinas-Viso 
et al. 2012 Theoretical 

Tree Association 

Clustering 
and 
segregation Unipartite Forest 

Clustering, path 
length 

Observation, null 
model 

The effect of plant traits on network structure depends on 
stem size 

Fuller et al. 
2008 Observational 

Mistletoe, tree Parasitic 
Spatial 
occurrence Bipartite Forest 

Nestedness, 
modularity 

Observation, null 
model Parasitic networks are modular 

Genini et al. 
2012 Observational 

Annual grasses Competition Fitness Unipartite 
Mediterrane
an vegetation Triplets Experiment 

Competitive networks for annual grasses are not 
intransitive 

Godoy et al. 
2017 Experimental 

Model Facilitation 
Facilitation 
strength Food web Food web Species richness Simulation Facilitation increases species richness 

Kefi et al. 
2012 Theoretical 

Whole 
community 

Facilitation, 
competition 

Real 
interaction Unipartite Rocky shore 

Connectance, 
compartmentalizati
on Observed 

Network combining different types of interactions 
(including plants) 

Kefi et al. 
2015 Observational 

Model Competition 
Competitive 
outcome 

Complete 
unipartite 

Random 
tournaments 

Relative 
intransitivity Simulation Intransitive competition increases species coexistence 

Laird & 
Schamp 
2006 Theoretical 

Model Competition 
Competitive 
outcome 

Complete 
unipartite 

Random 
tournaments 

Relative 
intransitivity Simulation 

Global intransitive competition increases with species 
richness 

Laird & 
Schamp 
2008 Theoretical 

Model Competition 
Competitive 
outcome 

Complete 
unipartite 

Random 
tournaments Species richness Simulation Network structure mediates species coexistence 

Laird & 
Schamp 
2009 Theoretical 

Nurse, adult Facilitation 
Spatial 
occurrence Bipartite Grassland Species richness 

Observation, 
simulation 

The importance of facilitation depends on environmental 
change 

Losapio & 
Schöb 2017 Observational 

Adult 
Facilitation, 
competition 

Clustering 
and 
segregation Unipartite Scrubland 

Species association, 
clustering Observation Network structure changes across spatial scales 

Losapio et 
al. 2017 Observational 

Adult 
Facilitation, 
competition 

Spatial 
association Unipartite Grassland Degree, clustering 

Observation, null 
model 

Abundance, LMA and height explain the assembly of plant 
networks 

Losapio et 
al. 2018 Observational 
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Nurse, adult, 
seed Facilitation 

Spatial 
occurrence Tripartite Desert 

Nestedness, 
specialisation 

Observation, null 
model 

Nurse age affects neste structure of adult networks but not 
seed banks 

Losapio et 
al. 2018 Observational 

Nurse, seedling Facilitation 
Spatial 
occurrence Bipartite 

Forest, 
grassland 

Connectance, 
nestedness, 
specialisation 

Observation, null 
model 

Woody plants drive expansion of forest facilitation 
networks 

Marcilio-
Silva et al. 
2015 Observational 

Community co-
occurence 

Facilitation, 
competition, 
habitat 
filtering 

Spatial 
occurrence 

Bayesian 
network 
inference 

Mediterrane
an vegetation 

Inference of the 
interaction pattern 

Bayesan network 
inference 

Functional dissimilarities between species linked based on 
coexistence networks can dissentangle mechanisms 
underlying speices coexistence (i.e. habitat filtering and 
biotic interactions) 

Montesinos
-Navarro et 
al. 2018 

Data from other 
sources 

Seedlings Competition Mortality Unipartite Forest Species interaction Experiment Bigger and older plants support competitive networks 
Nakagawa 
et al. 2016 Experimental 

Epiphyte, tree 
Comensalisti
c 

Spatial 
occurrence Bipartite Forest Nestedness 

Observation, null 
model 

Commensalistic networks are highly nested and was 
modulated by forest age 

Piazzon et 
al. 2011 Observational 

Adult 
Facilitation, 
competition 

Spatial 
occurrence Unipartite Steppe Species association Observation Nurse plants increases network complexity 

Saiz & 
Alados 
2011a Observational 

Adult 
Facilitation, 
competition 

Spatial 
occurrence Unipartite Steppe Species association Observation Scale-free network and preferential species association 

Saiz & 
Alados 
2011b Observational 

Adult 
Facilitation, 
competition 

Clustering 
and 
segregation Unipartite Steppe 

Partition, species 
association 

Observation, null 
model Grazing increases network fragmentation 

Saiz & 
Alados 2014 Observational 

Adult 
Facilitation, 
competition 

Clustering 
and 
segregation Unipartite Steppe 

Partition, species 
association 

Observation, null 
model Gypsicole plants presnet diferent network roles 

Saiz & 
Alados 2014 Observational 

Adult 
Facilitation, 
competition 

Clustering 
and 
segregation Unipartite 

Steppe, 
forest Structural balance Observation 

Positive and negative associations stabilise network 
structure 

Saiz et al. 
2017 Observational 

Adult 
Facilitation, 
competition 

Clustering 
and 
segregation Unipartite Dryland 

Species association, 
structural balance 

Observation, null 
model 

Tight associations and structural balance increase with 
species richness 

Saiz et al. 
2018 Observational 

Epiphyte, tree 
Commensalis
tic 

Spatial 
occurrence Bipartite Forest 

Connectance, 
nestedness, 
specialisation 

Observation, null 
model Plant traits explain network structure 

Sayago et 
al. 2013 Observational 

Liana, tree 
Commensalis
tic 

Spatial 
occurrence Bipartite Forest 

Modularity, 
nestedness 

Observation, null 
model Nested and non-modular networks 

Sfair et al. 
2010 Observational 

Liana, tree Antagonistic 
Spatial 
occurrence Bipartite 

Forest 
savanna Nestedness 

Observation, null 
model 

Abundance and tree height determines species contribution 
to nestedness 

Sfair et al. 
2017 Observational 

Epiphyte, tree 
Commensalis
tic 

Spatial 
occurrence Bipartite Forest 

Nestedness, 
phylogeny 

Observation, null 
model Nested networks indepent of phylogeny 

Silva et al. 
2010 Observational 
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Adult 
Facilitation, 
competition 

Bayesian 
dependencie
s Unipartite Grassland Species distribution 

Observation, 
experiment, 
simulation Interaction network improve predicting species dynamics 

Staniczenko 
et al. 2018 Observational 

Adult 
Facilitation, 
competition 

Clustering 
and 
segregation Unipartite grassland conectance observation Spatial associations at community level Stowe 1979 Observational 

Epiphyte, tree 
Commensalis
tic 

Spatial 
occurrence Bipartite 

Temperate 
forest 

Nestedness, co-
occurrences 

Observation, null 
model Epipthyte-tree networks are highly nested 

Taylor et al. 
2016 Observational 

Flowers 
Facilitation, 
competition 

Pollen 
transfer Unipartite Scrubland Species interaction Observation Facilitation for pollination increases with altitude 

Tur et al. 
2016 Observational 

Adult 
Facilitation, 
competition 

Clustering 
and 
segregation Unipartite grassland Conectance observation Spatial associations at community level 

Turkington 
1979 Observational 

Nurse, 
seedling/sapling Facilitation 

Spatial 
occurrence + 
fitness Bipartite Desert 

Nestedness, 
specialisation, 
robustness 

Observation, null 
model 

Generalist nurses and nested communities increases 
network robustness 

Vardu & 
Valiente-
Banuet 
2008 Observational 

Nurse, seedling Facilitation 

Spatial 
occurrence + 
fitness Bipartite Desert 

Nestedness, 
resistant to 
extinction cascades 

Observation, null 
model 

Facilitation communities are assembled as networks with 
significant nested structure 

Verdú & 
Valiente-
Banuet 
2008 Observational 

Nurse, seedling Facilitation 

Spatial 
occurrence + 
fitness Bipartite Desert 

Nestedness, 
connectance 

Observation, null 
model 

Phylogeny and species abundance explain network 
structure 

Verdu & 
Valiente-
Banuet 
2011 Observational 

Nurse, seedling, 
adult Facilitation 

Spatial 
occurrence + 
fitness Bipartite Desert 

Phylogeny, 
nestedness, 
connectance 

Observation, null 
model 

Phylogenetic signal changes between seedling and adult 
networks 

Verdu et al. 
2010 Observational 
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