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Abstract 10 

Flowering plants have maintained exceptionally high diversity for over 100 million 11 

years, yet the mechanisms enabling sustained macroevolutionary diversification remain 12 

unresolved. Classical theory predicts a trade-off between speciation and extinction, but 13 

angiosperms have repeatedly diversified while persisting across heterogeneous 14 

environments. Mutualistic interactions, pollination, seed dispersal, and mycorrhizal 15 

symbioses, are widely recognized as key drivers of plant evolution. However, their 16 

macroevolutionary roles have largely been examined in isolation, limiting our 17 

understanding of how diversification emerges from their combined effects. Here, I 18 

propose that angiosperm diversification is better understood as an emergent property of 19 

a Functionally Integrated Symbiotic System (FISS), in which multiple mutualisms are 20 

organized into a coordinated but functionally asymmetric system. Within this 21 

framework, pollination primarily promotes reproductive isolation and lineage splitting, 22 

whereas seed dispersal and mycorrhizal symbioses enhance lineage persistence by 23 

improving establishment, spatial spread, and tolerance to environmental variability. This 24 

functional differentiation effectively decouples processes that promote speciation from 25 

those that buffer extinction risk, allowing lineages to both originate and persist. The 26 

coordinated action of these mutualisms therefore relaxes the speciation–extinction 27 

trade-off and generates positive net diversification over macroevolutionary timescales. 28 

By shifting the focus from individual interactions to their configurational integration, 29 

this perspective provides a testable framework for understanding angiosperm 30 

diversification as a system-level process and highlights the role of ecological 31 

interactions as macroevolutionary engines. 32 
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Introduction 36 

Flowering plants (angiosperms) dominate terrestrial ecosystems and have sustained 37 

extraordinary species diversity for over 100 million years, marking one of the most 38 

consequential macroevolutionary transitions in the history of life (Benton et al., 2022; 39 

Ding et al., 2025). Classical evolutionary theory predicts a fundamental trade-off: 40 

processes that promote speciation, such as ecological specialization and population 41 

subdivision, also tend to increase extinction risk (Van Valen, 1976; Bell, 1982; 42 

Lancaster, 2010; Rabosky, 2013). Yet throughout their evolutionary history, 43 

angiosperms have repeatedly diversified while persisting across heterogeneous and 44 

fluctuating environments. How angiosperms relaxed the speciation–extinction trade-off 45 

to achieve long-term persistence remains a central and unresolved problem in 46 

evolutionary biology. 47 

Angiosperm diversification has traditionally been explained by morphological 48 

key innovations, environmental change, and ecological opportunity (Donoghue & 49 

Sanderson, 2015; Helmstetter et al., 2023; Ding et al., 2025). In particular, studies 50 

recognize that the emergence and expansion of mutualistic interactions, such as 51 

pollination, seed dispersal, and mycorrhizal symbioses, have been a key factor 52 

promoting angiosperm diversification by reshaping ecological opportunities (Hodges et 53 

al., 1995; Tiffney & Mazer, 1995; Benton et al., 2022; Peris et al., 2025). Most 54 

angiosperms engage in multiple mutualisms across their life cycle, and these 55 

interactions are increasingly recognized as evolutionarily and ecologically 56 

interdependent rather than operating in isolation (Tedersoo et al., 2020; Carvalheiro et 57 

al., 2021; Benton et al., 2022; Yamawo & Ohno, 2024). In addition, increasing evidence 58 
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indicates that mutualistic interactions, including pollination, seed dispersal, and 59 

mycorrhizal associations, play a central role not only in facilitating speciation but also 60 

in buffering extinction risk by enhancing reproduction, dispersal, and stress tolerance 61 

(Hodges et al., 1995; Tiffney & Mazer, 1995; Benton et al., 2022; Peris et al., 2025). 62 

These observations suggest that angiosperm diversification may be facilitated by the 63 

coordinated action of multiple mutualistic interactions, which can mitigate or relax 64 

trade-offs between speciation and extinction that would constrain diversification under 65 

any single innovation or mutualism alone.  66 

This Review synthesizes evidence suggesting that major angiosperm 67 

mutualisms differentially influence speciation and lineage persistence. It also suggests 68 

that long-term diversification is unlikely to be fully explained by any single interaction 69 

alone. Instead, diversification may have been promoted by a set of functionally distinct 70 

mutualistic interactions acting in concert. These interactions form a Functionally 71 

Integrated Symbiotic System (FISS), a macroevolutionary system in which 72 

interdependent mutualisms fulfill distinct evolutionary roles. In its simplest form, the 73 

FISS consists of pollination, seed dispersal, and mycorrhizal symbioses. Within this 74 

framework, available evidence indicates that these interactions may contribute 75 

asymmetrically to diversification. Pollination is often associated with reproductive 76 

isolation and lineage splitting, but may also increase extinction risk. In contrast, seed 77 

dispersal and mycorrhizal associations are thought to mitigate this risk by enhancing 78 

establishment, spatial spread, and tolerance to environmental variability. As a result, 79 

their combined effects could accelerate effective diversification by increasing the 80 

likelihood that newly formed lineages persist through vulnerable stages. By shifting the 81 
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focus from isolated key innovations to the organization and evolutionary dynamics of 82 

interacting mutualisms, this framework provides a testable basis for understanding how 83 

angiosperm lineages may escape the specialization–extinction trade-off and achieve 84 

sustained diversification. 85 

 86 

Pollination Systems: Drivers of Reproductive Isolation and Speciation 87 

Most flowering plants, approximately 90% of all angiosperm species, depend on 88 

animal-mediated pollination for reproduction (Ollerton, 2017; Stephens et al., 2023; 89 

Tong et al., 2023; Peris et al., 2025). Palaeobotanical and phylogenetic evidence 90 

indicate that biotic pollination systems originated from abiotic pollination systems 91 

before the emergence of angiosperms, during the gymnosperm-dominated phase of seed 92 

plant evolution (Brundrett, 2002; Peris et al., 2025; Negri & Toledo, 2025). Early 93 

angiosperms were therefore likely pre-adapted to animal pollination, suggesting that 94 

biotic pollination constituted a pre-existing ecological context rather than a late-derived 95 

innovation during angiosperm radiation (Stephens et al., 2023; Valencia-Montoya et al., 96 

2025). 97 

A large body of empirical and comparative studies showed that pollination-98 

related traits can promote reproductive isolation and speciation, particularly through 99 

shifts in pollinator assemblages and divergence of floral traits (Grant & Grant, 1965; 100 

van der Niet et al., 2014; Serrano-Serrano et al., 2017; Barreto et al., 2024; Dorey & 101 

Schiestl, 2024). Most angiosperms interact with multiple pollinators within generalized 102 

and nested pollination networks (Waser et al., 1996; Bascompte & Jordano, 2007), 103 
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where pollinator behavior, learning, and flower constancy can still generate non-random 104 

mating and effective reproductive isolation (Chittka et al., 1999; Kay, 2006; Kay & 105 

Sargent, 2009; Hopkins & Rausher, 2014; Hopkins, 2022). Floral divergence in 106 

morphology and chemistry further reinforces isolation by altering pollen placement and 107 

reducing heterospecific pollen transfer (Muchhala & Potts, 2007). The modular genetic 108 

architecture of floral traits, including partially independent regulatory networks such as 109 

CYC/TB1-like transcription factors, enhances floral evolvability and enables repeated 110 

shifts among pollination syndromes (Whittall & Hodges, 2007; Hileman, 2014). 111 

Despite these strong effects on speciation, evidence that pollination alone 112 

consistently increases net diversification remains mixed (Sargent, 2004; O’Meara et al., 113 

2016; Peris et al., 2025). This pattern likely reflects the dual role of pollination 114 

mutualisms, which can promote lineage splitting while also increasing extinction risk 115 

under certain ecological conditions. Pollination mutualisms often have weaker and 116 

context-dependent effects on extinction. High specialization can increase sensitivity to 117 

partner loss and environmental variability, elevating extinction risk and generating high 118 

lineage turnover rather than sustained diversification (Janzen, 1979; Herre et al., 2008; 119 

Nee, 2001). In generalized systems, functional redundancy among pollinators can 120 

stabilize reproduction (Waser et al., 1996; Memmott et al., 2004). However, shared 121 

pollinators may also impose reproductive interference and minority disadvantage, 122 

favoring rapid floral divergence through character displacement (Levin & Anderson, 123 

1970; Waser, 1978; Morales & Traveset, 2008; Pauw, 2013; Johnson et al., 2022). 124 

Empirical studies indicate that these outcomes depend strongly on ecological context, 125 

including pollinator availability, adaptive foraging, and demographic structure (Lanuza 126 
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et al., 2018; Bergamo et al., 2020; Valdovinos et al., 2025). These findings indicate that 127 

pollination mutualisms can facilitate lineage splitting but do not consistently buffer 128 

lineages against extinction. Accordingly, focusing on pollination alone may not capture 129 

effective diversification, as gains in speciation can be offset by elevated extinction risk. 130 

Their macroevolutionary consequences, therefore, depend on ecological and 131 

demographic context and are unlikely to be sufficient in isolation to explain long-term 132 

angiosperm diversification. 133 

 134 

Seed Dispersal: Contributions to Lineage Persistence 135 

Recent global estimates indicate that approximately 60% of angiosperm species, and the 136 

vast majority of woody taxa, depend on biotic seed dispersal (Jin et al., 2026). 137 

Extensive ecological research demonstrates that seed-dispersal mutualisms influence 138 

plant population dynamics by shaping recruitment, spatial structure, and gene flow. 139 

Although extreme long-distance dispersal can, under certain conditions, increase 140 

extinction risk, for example via demographic sinks or maladaptation (Chen et al., 2023), 141 

dispersal mutualisms more commonly enhance population persistence through spatial 142 

spread, recolonization, and the maintenance of genetic diversity (Vamosi et al., 2018; 143 

Beckman & Sullivan, 2023; Wu et al., 2023). 144 

The most basic function of animal-mediated dispersal is the alleviation of 145 

density-dependent mortality near conspecific adults. Host-specific enemies, including 146 

seed predators, herbivores, and soil-borne pathogens such as Pythium spp., accumulate 147 

around parent plants, causing high seed and seedling mortality when dispersal is limited 148 



9 

 

(the Janzen–Connell effect) (Janzen, 1970; Connell, 1971; García & Martínez, 2012). 149 

By relocating propagules to low-density microsites, animal dispersers consistently 150 

reduce these constraints across both tropical and temperate forests (Comita et al., 2010, 151 

2014). In communities with diverse disperser assemblages, variation in dispersal 152 

distances, deposition sites, and movement patterns further partitions recruitment niches 153 

among plant species, reducing competitive overlap and promoting stable coexistence 154 

(Kakishima et al., 2015; Dehling et al., 2016; Fricke et al., 2025; Inoue et al., 2025). At 155 

broader scales, such niche partitioning limits dominance and competitive exclusion, 156 

thereby lowering extinction risk in demographically vulnerable lineages (Wiegand et al., 157 

2025). 158 

Seed dispersal can also contribute to lineage persistence by shaping geographic 159 

range size, spatial population structure, and genetic connectivity. Narrow geographic 160 

distributions are associated with elevated extinction risk due to sensitivity to localized 161 

disturbances (Jablonski, 2008; Larson-Johnson, 2016), whereas animal-mediated 162 

dispersal can increase the number and spatial arrangement of populations and 163 

facilitating range shifts under climatic change, particularly during the Cenozoic 164 

(Bolmgren & Eriksson, 2005; Beckman & Sullivan, 2023). However, broad geographic 165 

ranges are better interpreted as correlates of reduced extinction risk rather than direct 166 

outcomes of dispersal, given their strong dependence on dispersal mode, landscape 167 

structure, and habitat availability (Levey et al., 2005; Wu et al., 2023; Fricke et al., 168 

2025). Beyond spatial effects, dispersal maintains genetic connectivity, reducing 169 

inbreeding depression, limiting genetic drift, and preserving adaptive potential in small 170 

or fragmented populations (Levin et al., 2003, 2005; Caughlin et al., 2015), although the 171 
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macroevolutionary consequences of these processes remain uncertain (Beckman & 172 

Sullivan, 2023; Wu et al., 2023). 173 

Seed-dispersal mutualisms have therefore been proposed as contributors to 174 

angiosperm diversification, with support reported in some clades (Lagomarsino et al., 175 

2016; Larson-Johnson, 2016; Simpson et al., 2022; Chen et al., 2023). However, 176 

angiosperm-wide analyses detect no consistent association between dispersal mode and 177 

diversification rates (Jin et al., 2026), consistent with earlier studies showing no 178 

systematic richness differences between biotically and abiotically dispersed taxa 179 

(Eriksson & Bremer, 1991; Ricklefs & Renner, 1994; Reginato et al., 2020). Instead, 180 

current evidence suggests that seed-dispersal mutualisms primarily promote lineage 181 

persistence rather than speciation, with effects contingent on lineage traits, ecological 182 

context, and interactions with other evolutionary processes. Although extinction-rate 183 

estimates from molecular phylogenies should be interpreted with caution (Rabosky, 184 

2010), several studies nonetheless infer lower extinction rates in animal-dispersed 185 

lineages (Reginato et al., 2020; Chen et al., 2023). Overall, seed-dispersal mutualisms 186 

chiefly contribute to the maintenance of lineages after origination by enhancing 187 

population persistence, spatial stability, and ecological resilience in context-dependent 188 

ways. 189 

 190 

Mycorrhizal Symbioses: Supporting Lineage Persistence 191 

Mycorrhizal symbioses influence plant performance by mediating resource acquisition, 192 

stress tolerance, and population-level processes (Tedersoo et al., 2020). Here, I focus on 193 
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arbuscular mycorrhizal (AM) fungi, the earliest-evolving and most widespread 194 

mycorrhizal associations among land plants. Given their antiquity and prevalence, AM 195 

symbioses provide a baseline ecological context within which many angiosperm 196 

lineages diversified; other mycorrhizal types are considered in the Synthesis. 197 

Approximately 72% of angiosperm species maintain ancestral mutualisms with 198 

AM fungi (Tedersoo et al., 2020). By enhancing access to belowground resources, 199 

particularly phosphorus and nitrogen, AM fungi buffer spatial and temporal 200 

heterogeneity in soil nutrient availability. At ecological timescales, this buffering 201 

stabilizes plant growth and reproductive output, especially under fluctuating 202 

environmental conditions, resulting in more consistent recruitment across years (Koide, 203 

2010; Hyjazie & Sargent, 2024; Kumari et al., 2025). By jointly stabilizing resource 204 

acquisition and reproduction, AM fungi can sustain viable populations in environments 205 

where establishment would otherwise be sporadic or unreliable (Peay, 2016; Tedersoo et 206 

al., 2020).  207 

Beyond demographic stabilization, mycorrhizal symbioses enhance tolerance 208 

to abiotic stress, including drought, salinity, nutrient limitation, and heavy-metal 209 

exposure, through improved physiological regulation and resource uptake (Tedersoo et 210 

al., 2020). These benefits are often strongest during establishment and early life stages, 211 

which represent critical bottlenecks for population persistence, although their long-term 212 

evolutionary effects remain context dependent, varying with environmental conditions, 213 

host specificity, and interactions with other ecological processes. At the community 214 

level, mycorrhizal networks redistribute nutrients among plants and microsites, 215 

buffering spatial heterogeneity and weakening priority effects. Through plant–soil 216 
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feedbacks and density-dependent processes, AM fungi frequently suppress conspecific 217 

recruitment relative to heterospecifics, reducing competitive exclusion and promoting 218 

stable coexistence, particularly in nutrient-poor or highly competitive environments 219 

(Mangan et al., 2010; Tedersoo et al., 2020).  220 

Mycorrhizal symbioses have been proposed as direct drivers of plant 221 

diversification by influencing resource allocation or reproductive timing, potentially 222 

facilitating reproductive isolation (Savolainen et al., 2006). Empirical support for this 223 

hypothesis, however, remains limited. Comparative analyses have not identified 224 

particular mycorrhizal types as consistent predictors of elevated diversification rates or 225 

as key innovations (Feijen et al., 2018). Instead, available evidence suggests that 226 

lineages capable of associating with multiple mycorrhizal types may exhibit higher net 227 

diversification, pointing to symbiotic flexibility rather than any single mycorrhizal 228 

strategy as the relevant macroevolutionary factor. Overall, mycorrhizal symbioses 229 

appear to influence angiosperm diversification primarily by enhancing lineage 230 

persistence through improved resource acquisition, ecological tolerance, and 231 

demographic stability, rather than by consistently promoting lineage splitting. 232 

 233 

Integrative effects of different mutualisms on plant diversification 234 

Pollination, seed dispersal, and mycorrhizal symbioses have often been studied 235 

independently, yet this perspective is insufficient to fully explain angiosperm 236 

diversification. Rather than acting in isolation, these interactions appear to form a 237 

coordinated system in which different mutualisms contribute asymmetrically to lineage 238 
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diversification and persistence (Yamawo & Ohno, 2024). Comparative, phylogenetic, 239 

and ecological studies suggest that these interactions influence distinct components of 240 

angiosperm diversification (Table S1), and that their combined effects give rise to 241 

emergent ecological processes that are not readily inferred from any single mutualism in 242 

isolation. 243 

Pollination-related traits primarily promote reproductive isolation and biased 244 

lineage splitting, acting as speciation-promoting processes. In contrast, seed dispersal 245 

and mycorrhizal associations mainly enhance mitigation negative density dependence, 246 

geographic spread, and tolerance to environmental variability, acting as persistence-247 

promoting processes. Populations isolated through specialized or biased pollination 248 

often have smaller effective population sizes and higher extinction risk. Seed dispersal 249 

reduces this risk by moving offspring away from parent plants, lowering density-250 

dependent mortality, and maintaining connectivity, while mycorrhizal symbioses 251 

improve nutrient acquisition and stress tolerance during establishment. The combined 252 

action of seed dispersal and mycorrhizal associations connects the spatial movement of 253 

propagules with successful establishment, thereby enabling dispersed propagules to 254 

become demographically effective individuals. Evidence for the joint dispersal of 255 

mycorrhizal fungi and plant diaspores by birds indicates that seed dispersal and 256 

mycorrhizal associations may be even more tightly integrated than previously assumed, 257 

further reinforcing their combined effects on establishment and persistence (Correia et 258 

al., 2019). Together, these persistence-promoting mutualisms allow lineages generated 259 

by pollination-driven divergence to survive early vulnerable stages and complete 260 

lineage formation (Comita et al., 2014; Peay, 2016; Tedersoo et al., 2020). 261 
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At the community level, functional differences among mutualisms are reflected 262 

in network structures. Pollination networks typically show high nestedness and local 263 

modularity, forming semi-independent plant–pollinator modules within a cohesive web 264 

(Bascompte & Jordano, 2007; Olesen et al., 2007). This structure allows localized 265 

interaction specificity and assortative mating without breaking overall connectivity, 266 

promoting reproductive isolation and lineage splitting (speciation-promoting). Seed-267 

dispersal networks are generally highly nested, weakly modular, and functionally 268 

redundant, dominated by generalist animal vectors (Bascompte et al., 2003; Donatti et 269 

al., 2011). They decouple recruitment from local demographic failures and increase 270 

robustness across heterogeneous landscapes. Importantly, seed dispersal promotes the 271 

coexistence of multiple plant species. By mediating spatial niche separation and 272 

reducing competitive clustering, seed dispersal contributes to lineage persistence within 273 

complex communities (persistence-promoting). Mycorrhizal networks, especially those 274 

involving arbuscular fungi, exhibit high connectome and extensive host sharing, 275 

redistributing resources and buffering demographic stochasticity at the community level 276 

(van der Heijden et al., 2015; Tedersoo et al., 2020). By mediating resource-based 277 

coexistence and reducing fitness inequalities among co-occurring species, mycorrhizal 278 

symbioses further stabilize lineage persistence within diverse communities. Thus, seed 279 

dispersal and mycorrhizal symbioses jointly contribute to lineage persistence by 280 

mediating multi-species coexistence. 281 

At ecosystem and landscape scales, seed dispersal and mycorrhizal symbioses 282 

determine whether newly differentiated lineages persist beyond initial divergence 283 

through facilitating spatial expansion. Seed dispersal moves propagules across 284 
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heterogeneous landscapes and increases spatial coupling among local populations (Frick 285 

et al., 2025). Mycorrhizal symbioses improve establishment and survival in stressful or 286 

variable new habitats through enhanced nutrient uptake and physiological tolerance. 287 

Together, these mutualisms provide complementary spatial and physiological insurance 288 

against environmental variability, allowing lineages to persist across space and time. 289 

Without these persistence-promoting processes, many lineages generated by pollination-290 

driven divergence would remain confined to isolated populations and face higher 291 

extinction risk. Seed dispersal and mycorrhizal associations therefore facilitate 292 

metapopulation persistence, stabilize plant recruitment and biomass accumulation, and 293 

enable newly formed lineages to become embedded within ecosystem-level processes, 294 

contributing to long-term lineage persistence and ecosystem structure (van der Heijden 295 

et al., 2015; Tedersoo et al., 2020). 296 

Overall, angiosperm diversification reflects the coordinated action of multiple 297 

mutualisms across population, community, and ecosystem levels. Pollination, seed 298 

dispersal, and mycorrhizal associations influence different components of 299 

diversification, and their interactions generate ecological outcomes such as enhanced 300 

reproductive isolation, biased lineage splitting, conversion of nascent lineages into 301 

persistent populations, and long-term lineage persistence. Although maintaining 302 

multiple mutualists can involve costs or trade-offs, certain configurations of multi-303 

mutualist associations provide substantial net benefits (Afkhami et al., 2014, 2021). 304 

These effects at the ecological scale suggest that pollination drives reproductive 305 

isolation and lineage splitting, while seed dispersal and mycorrhizal associations 306 

enhance survival, establishment, and range expansion of newly diverged lineages 307 
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(Figure 1). By acting together, these mutualisms ensure that nascent lineages persist 308 

through vulnerable early stages and ecosystems over long evolutionary timescales. 309 

Thus, it is not simply the presence of multiple mutualisms, but rather their coordinated 310 

organization and complementary functions across population, community, and 311 

ecosystem levels that may shape long-term diversification patterns. 312 

 313 

Synthesis 314 

A Functionally Integrated Symbiotic System (FISS): a configuration-based framework 315 

for plant diversification 316 

In mentioned above, the evidence suggests that the diversification of angiosperms 317 

cannot be explained by single interactions alone. Rather, it arises from the way multiple 318 

mutualisms are organized and interact across population, community, and ecosystem 319 

scales. This perspective calls for a move away from each biological interaction analyses 320 

toward integrative frameworks that explicitly examine how configurations of 321 

interactions are structured and maintained over evolutionary time. 322 

I propose that certain configurations of interacting mutualisms can give rise to 323 

an emergent macroevolutionary system; A Functionally Integrated Symbiotic System 324 

(FISS). In macroevolutionary studies, diversification‐promoting processes are often 325 

described metaphorically as “engines,” and in this sense, the coordinated system of 326 

interacting mutualisms described here may be termed a Symbiotic Engine. This concept 327 

refers to a dynamic macroevolutionary system in which different mutualisms play 328 

complementary but unequal roles, and together promote both lineage formation and 329 
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long-term persistence (Box 1; Figure 1). The FISS does not imply that any single 330 

mutualism alone drives diversification. It describes how different mutualisms work 331 

together. One mutualism might speed up speciation, while another reduces extinction 332 

risk. Under specific conditions, these combined effects drive a positive net 333 

diversification. Under this view, interactions need not be universally strong or directly 334 

integrated; even weak or context-dependent links can contribute to diversification when 335 

complementary interactions act on different macroevolutionary constraints. 336 

In addition, as plant diversity accumulates, diversification dynamics may 337 

become increasingly shaped by mutualistic interactions rather than by external 338 

environmental factors alone. Fossil and phylogenetic evidence suggest that during early 339 

angiosperm radiations, reduced extinction risk and expanded ecological opportunities 340 

increased diversity in both plants and pollinating insect lineages. Later, lineages with 341 

persistent floral associations, such as bees and some lepidopterans, showed elevated 342 

speciation rates, reflecting the growing importance of interaction-dependent 343 

evolutionary dynamics (Grimaldi & Engel, 2005; Condamine et al., 2016; Schuldt et al., 344 

2018; Peris & Condamine, 2024). Similar patterns are observed in seed dispersal 345 

animals and fungi. Frugivorous vertebrates and other seed dispersers tend to diversify in 346 

response to plant trait diversification, spatial and temporal variation in resources, and 347 

increased ecological opportunity (Dumont et al., 2012; Gómez & Verdú, 2012; Onstein 348 

et al., 2017; Burin et al., 2021; Wang et al., 2024). Arbuscular mycorrhizal fungi 349 

generally show broad geographic distributions and low endemism, consistent with 350 

extensive partner sharing and long-term persistence, while ectomycorrhizal fungi 351 

exhibit higher host specificity and regional diversification that coincides with radiation 352 
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in plant lineages such as Fagaceae and Betulaceae (Angelard et al., 2014; Davison et al., 353 

2015; Sato et al., 2017). Although this reciprocal diversification feedback between 354 

plants and mutualists does not directly establish a self-sustaining diversification 355 

mechanism, they provide a plausible ecological context in which coordinated 356 

mutualistic interactions can reinforce long-term diversification (Figure 1). 357 

 358 

Evolutionary Emergence of FISS 359 

The evolutionary assembly of the proposed FISS appears to have proceeded in a broadly 360 

stepwise manner (Figure 2), although the timing and impact of each step remain 361 

uncertain. Arbuscular mycorrhizal associations were established early in land plant 362 

evolution, likely around 460 million years ago during the initial colonization of 363 

terrestrial environments (Remy et al., 1994; Brundrett, 2002; Strullu-Derrien et al., 364 

2018). Angiosperms originated later, in the Early Cretaceous (approximately 130–100 365 

Ma), and phylogenetic and palaeobotanical evidence suggests that many early 366 

angiosperm lineages were already associated with biotic pollination (Stephens et al., 367 

2023). Subsequently, animal-mediated seed dispersal increased dispersal distances and 368 

reshaped spatial patterns of recruitment. Fossil and phylogenetic evidence indicates that 369 

fleshy fruits and frugivore-mediated dispersal became increasingly common from the 370 

Late Cretaceous to the early Paleogene (approximately 100–60 Ma) (Tiffney & Mazer, 371 

1995; Eriksson et al., 2000; Jin et al., 2026). Rather than representing a deterministic 372 

pathway to diversification, this stepwise assembly suggests that the gradual addition of 373 

mutualisms expanded the range of ecological conditions under which angiosperm 374 
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lineages could persist and diversify.  375 

This sequential integration provides a mechanistic explanation for the long-376 

recognized temporal gap between the early origin of biotic pollination and the later 377 

major radiation of angiosperms (Benton et al., 2022; Ding et al., 2025). Although biotic 378 

pollination is inferred to have originated by the Early Cretaceous (Stephens et al., 2023; 379 

Peris & Condamine, 2024; Ding et al., 2025), elevated net diversification rates in 380 

angiosperms are mainly detected from the mid- to Late Cretaceous (approximately 100–381 

60 Ma), with further radiations continuing into the Paleogene (Benton et al., 2022; Ding 382 

et al., 2025). This period broadly coincides with the ecological expansion and increasing 383 

dominance of angiosperms in terrestrial ecosystems (Ding et al., 2025; Jin et al., 2026), 384 

during which mycorrhizal symbiosis, pollination, and seed dispersal likely acted in 385 

concert to sustain an integrated diversification system. Together, these patterns suggest 386 

that sustained angiosperm radiations may have emerged through the progressive and 387 

coordinated integration of multiple functionally distinct mutualisms, including 388 

mycorrhizal associations, pollination, and seed-dispersal interactions. 389 

 390 

Predicted Macroevolutionary Signatures of the FISS 391 

The FISS generates a set of testable macroevolutionary predictions that distinguish 392 

interaction-based diversification regimes from trait-based or single-interaction models. 393 

These predictions follow from two core properties of the system: (i) the partial 394 

decoupling of processes that promote lineage splitting and those that enhance 395 

persistence, and (ii) the asymmetric contributions of different mutualisms to these 396 

processes. 397 

Angiosperms commonly engage in mycorrhizal symbioses, pollination 398 
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mutualisms, and seed-dispersal mutualisms, but not all lineages maintain all of these 399 

interactions. Some species rely on abiotic agents such as wind or gravity for pollination 400 

or seed dispersal (Stephens et al., 2023; Yamawo & Ohno, 2024), and mycorrhizal 401 

associations themselves are diverse (Tedersoo et al., 2020). As a result, lineages differ in 402 

the configurations of biotic and abiotic interactions they maintain. Such variation 403 

provides a natural basis for testing the predictions of the FISS, as different 404 

configurations reflect alternative ways in which lineages balance processes that promote 405 

speciation and those that buffer extinction under heterogeneous environmental 406 

conditions. 407 

(1) Configuration-dependent diversification 408 

Lineages characterized by specific combinations of mutualistic interactions are expected 409 

to exhibit distinct diversification dynamics because different combinations integrate 410 

processes that promote lineage splitting and those that enhance persistence in different 411 

ways. 412 

A representative example is a configuration integrating biotic pollination, 413 

animal-mediated seed dispersal, and arbuscular mycorrhizal (AM) symbiosis. This 414 

configuration, common among many tree lineages, predictably promotes lineage 415 

splitting through pollinator-mediated reproductive isolation while simultaneously 416 

enhancing persistence via effective dispersal and efficient belowground resource 417 

acquisition. This pattern can be empirically tested and is inferred to have been most 418 

prominent during periods of rapid angiosperm expansion, coinciding with the 419 

establishment and ecological consolidation of tropical and subtropical forests (Ding et 420 

al., 2025). 421 

By contrast, alternative configurations that rely predominantly on abiotic 422 

pollination and seed dispersal, together with ectomycorrhizal (EcM) associations, are 423 

expected to produce different diversification dynamics. Under such configurations, 424 

diversification is predicted to rely less on specialization on animal mutualists and more 425 

on physiological tolerance, geographic expansion, and environmental isolation, 426 

resulting in slower, weaker, or more context-dependent diversification patterns. These 427 
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configurations are inferred to have become more influential during later stages of 428 

angiosperm diversification, associated with the expansion of temperate forest biomes 429 

(Ding et al., 2025). 430 

Highly specialized combinations of mutualistic interactions can promote 431 

diversification even under harsh conditions by relaxing constraints on key life-history 432 

stages (Figure 2; Table 1). Orchids illustrate this pattern: strong reproductive isolation, 433 

specialized pollination, and orchid-specific mycorrhizal associations generate high 434 

speciation rates but also elevated extinction risk. In epiphytic orchids, the combination 435 

of specialized pollination, wind-mediated seed dispersal, and orchid mycorrhizae is 436 

predictably associated with rapid lineage turnover (Gamisch & Comes, 2019; Pérez‐437 

Escobar et al., 2024). These predictions can be empirically tested. 438 

Then, such variation in the configuration of the interactions may therefore help 439 

explain the heterogeneity in trait-dependent diversification observed across angiosperms 440 

(Helmstetter et al., 2023). By framing these patterns as testable predictions, the FISS 441 

provides a structured framework for evaluating how specific configurations of 442 

mutualistic interactions and abiotic processes shape macroevolutionary dynamics under 443 

changing environments. Table 1 summarizes explicit hypotheses regarding the expected 444 

macroevolutionary outcomes associated with each configuration of the interaction. 445 

These predictions can be tested using comparative, phylogenetic, or ecological 446 

approaches. 447 

(2) Emergent effects among mutualisms 448 

The joint effects of multiple mutualisms on diversification are expected to be non-linear 449 

(Afkhami et al., 2014, 2021). In particular, extinction-buffering interactions such as seed 450 
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dispersal and mycorrhizal symbioses are predicted to disproportionately amplify the 451 

macroevolutionary success of speciation-prone lineages, such as pollinator-specialized 452 

lineages, rather than contributing additively to diversification rates. Orchids may 453 

illustrate this pattern: strong reproductive isolation, specialized pollination, and orchid-454 

specific mycorrhizal associations generate high speciation rates but also elevated 455 

extinction risk. In epiphytic orchids, the configuration of specialized pollination, wind-456 

mediated seed dispersal, and orchid mycorrhizae is predictably associated with rapid 457 

lineage turnover (Gamisch & Comes, 2019; Pérez‐Escobar et al., 2024). 458 

Overall, variation in how interactions are combined across lineages provides a 459 

practical and testable framework for evaluating the FISS. By comparing these 460 

configurations, it becomes possible to assess how different arrangements of mutualistic 461 

and abiotic interactions relax evolutionary constraints and generate the heterogeneous 462 

patterns of speciation, extinction, and net diversification observed across angiosperms. 463 

 464 

Conclusion and Future Perspectives 465 

Importantly, the FISS has not yet been empirically demonstrated, and its validity 466 

remains to be tested through integrative comparative and experimental approaches. 467 

Rather than proposing a new key innovation, the FISS framework reframes angiosperm 468 

diversification as the product of an operational system of coordinated mutualistic 469 

interactions, rather than the result of isolated traits. A central prediction is that net 470 

diversification depends on specific configurations of pollination, seed dispersal, and 471 

mycorrhizal interactions (Box 1). Lineages lacking complementary mechanisms for 472 

persistence are expected to experience elevated turnover, whereas configurations that 473 

jointly relax constraints on both speciation and extinction may allow long-term lineage 474 

accumulation across macroevolutionary timescales. 475 
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Although the FISS is defined here as a conceptual diversification regime rather 476 

than a specific mechanistic model, its core principles naturally lend themselves to 477 

formalization. In particular, the decoupling of speciation and extinction processes, the 478 

asymmetric contributions of interactions to speciation rate and extinction rate, and the 479 

configurational dependence of diversification outcomes provide a tractable foundation 480 

for state-dependent diversification models and network-based theoretical frameworks. 481 

Testing these predictions requires comparative analyses that explicitly model 482 

configurations of interactions and their asymmetric effects on speciation and extinction, 483 

specifically testing the decoupling of lineage splitting from extinction risk. State-484 

dependent diversification approaches, including SSE-type models such as the 485 

Multicharacter Hidden State Speciation and Extinction (Mu-HiSSE; Nakov et al., 2018) 486 

and Secondary State-dependent Speciation and Extinction (SecSSE; Herrera-Alsina et 487 

al., 2019) framework, provide one promising avenue for this purpose. Crucially, such 488 

analyses must account for hidden heterogeneity, regime shifts, and incomplete 489 

sampling, all of which can obscure diversification signals over deep time. 490 

Nonetheless, a key limitation of comparative diversification analyses is that 491 

associations between interaction configurations and diversification rates do not, by 492 

themselves, establish causal direction. Observed correlations may reflect shared 493 

environmental regimes, unmeasured trait syndromes, or historical contingencies rather 494 

than interaction-driven processes per se. Overcoming these limitations will therefore 495 

require explicit integration of ecological data, interaction network structure, 496 

environmental reconstructions, and fossil evidence alongside phylogenetic inference. 497 

Although the FISS focuses on mutualistic interactions as its main structural 498 

components, explicitly considering other biotic interactions can improve our ability to 499 

explain how speciation- and extinction-related processes are shaped across different 500 

ecological contexts. Antagonistic interactions, such as herbivory and disease, as well as 501 

stress-buffering interactions, including defensive mutualisms and endophytic 502 

associations, can affect speciation and extinction in context-dependent and often 503 

asymmetric ways (Rooney et al., 2005; Alcázar et al., 2014; Compant et al., 2019). For 504 
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example, herbivory and disease may indirectly promote speciation by altering 505 

interactions with pollinators, but at the same time they can strongly reduce population 506 

size and increase extinction risk. In contrast, defensive mutualisms and endophytic 507 

associations can reduce damage from herbivores and pathogens and thereby support 508 

lineage persistence (Compant et al., 2019; Zhou et al., 2024; Li et al., 2026), often 509 

together with seed-dispersal and mycorrhizal mutualisms (Beckman & Sullivan, 2023; 510 

Chen et al., 2023). These interactions therefore can act asymmetrically on speciation 511 

and extinction rates and are likely to have positive effects on net diversification (e.g. 512 

Weber & Agrawal, 2014; Li et al., 2026). By interactively organizing how these 513 

interactions influence speciation and extinction rates, either together with or 514 

independent of the underlying FISS, they may be incorporated into an expanded FISS 515 

that accounts for a broader set of macroevolutionary processes, including lineage 516 

persistence, extinction buffering, and variation in diversification rates. 517 

Similarly, the FISS framework provides a platform for integrating key 518 

innovations that have often been studied in isolation. Rather than acting independently, 519 

traits such as leaf venation, photosynthetic capacity, vascular efficiency, stomatal 520 

density, pollen traits, and genome duplication are expected to influence diversification 521 

through their combined effects on mutualistic interactions (Donoghue & Sanderson, 522 

2015; Ding et al., 2025). In angiosperms, the integration of these traits, particularly 523 

high-efficiency water and resource transport via vessel elements and enhanced carbon 524 

gain, may have increased the efficiency with which resources are acquired and 525 

allocated, thereby supporting the establishment and persistence of multiple, carbon-526 

intensive mutualistic relationships. Although many gymnosperms also form mycorrhizal 527 

associations and some lineages exhibit insect pollination or animal-mediated seed 528 

dispersal (Tedersoo et al., 2020; Peris et al., 2025), their generally lower rates of 529 

resource acquisition and slower life histories may have constrained the extent to which 530 

such interactions could be simultaneously maintained and translated into demographic 531 

and evolutionary responses. By reducing the physiological and genomic constraints 532 

associated with sustaining pollination, seed dispersal, and mycorrhizal associations 533 

together, the angiosperm-specific configuration of traits may have allowed these 534 
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interacting mutualisms to exert sustained and coordinated effects on speciation and 535 

extinction dynamics, contributing to the emergence of the FISS. 536 

In addition to trait-level integration, recurrent whole-genome duplication 537 

(polyploidization) may have provided a key genomic foundation for the emergence of 538 

the FISS. Whole-genome duplication expands genetic and regulatory diversity, 539 

facilitating the evolution of novel traits involved in mutualistic interactions (Van de Peer 540 

et al., 2017). Gene duplication can promote functional divergence in pathways related to 541 

floral traits, secondary metabolites, and signaling mechanisms, potentially enhancing 542 

the ability of plants to interact with a wider range of pollinators, seed dispersers, and 543 

symbiotic microbes (Panchy et al., 2016). Polyploidization may also increase 544 

phenotypic plasticity and environmental tolerance, allowing plants to maintain multiple 545 

mutualistic associations under variable ecological conditions (Van de Peer et al., 2021). 546 

In contrast, the more limited incidence and retention of genome duplication in many 547 

gymnosperm lineages (Leebens-Mack et al., 2019) may have constrained the 548 

diversification of interaction-related traits and their integration. By alleviating genomic 549 

constraints on the simultaneous evolution and maintenance of multiple mutualisms, 550 

polyploidization may have enabled these interactions to exert sustained and coordinated 551 

effects on diversification, thereby contributing to the emergence of the FISS. 552 

More broadly, the FISS is not intended as an angiosperm-specific model, but as 553 

a general macroevolutionary principle emphasizing how interactions structure 554 

diversification dynamics. Extending this framework to other taxa and ecosystems may 555 

clarify how complex biotic networks are assembled, maintained, or constrained over 556 

evolutionary time. 557 

Finally, the FISS highlights potential vulnerabilities of diversification systems 558 

under contemporary environmental change. Because diversification emerges from the 559 

coordinated functioning of multiple interactions, the loss of pollinators, seed dispersers, 560 

or mycorrhizal partners may propagate through the system, effectively 'stalling' the 561 

FISS. Ongoing anthropogenic pressures, including defaunation, habitat fragmentation, 562 

and soil degradation, are likely disrupting these co-evolved networks (Caughlin et al., 563 
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2015; Sánchez-Bayo & Wyckhuys, 2019; Fricke et al., 2025; Peris et al., 2025). The 564 

future diversification and persistence of angiosperms may therefore depend on the 565 

maintenance of intact, self-reinforcing interaction networks. If diversification is an 566 

emergent property of biological interactions, then the Anthropocene represents the first 567 

global-scale experiment in dismantling such biological interactions. 568 
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 909 

 910 

Figure 1. The Functionally Integrated Symbiotic System (FISS) as an emergent outcome 911 

of interacting mutualisms 912 

Conceptual illustration of the FISS framework, in which angiosperm diversification 913 

emerges from coordinated interactions among mycorrhizal symbiosis, pollination, and 914 

seed dispersal. Solid arrows represent direct diversification effects mediated by plant–915 

mutualist interactions, whereas dashed arrows indicate indirect feedbacks among 916 

mutualisms. Labels on dashed arrows denote representative underlying processes (e.g., 917 

buffering of environmental stress, facilitation of establishment, and negative density 918 

dependence, NDD). The framework emphasizes that diversification dynamics arise 919 

from the functional coupling of co-occurring mutualisms rather than from the isolated 920 

effects of any single interaction. The FISS is presented as a conceptual model describing 921 

an emergent diversification regime driven by the decoupling of speciation and 922 

extinction, rather than as a single causal mechanism (Box 1).  923 
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 924 

Figure 2. Stepwise assembly of the Functionally Integrated Symbiotic System (FISS) 925 

and major configuration of interactions 926 

Conceptual timeline illustrating the sequential emergence of major plant–mutualist 927 

interactions and the assembly of Interaction configurations across geological time. 928 

Arbuscular mycorrhizal (AM) symbioses were established early in land plant evolution, 929 

likely around 460 million years ago during the initial colonization of terrestrial 930 

environments (Remy et al., 1994; Brundrett, 2002; Strullu-Derrien et al., 2018). 931 

Angiosperms originated later in the Early Cretaceous (approximately 130–100 Ma), and 932 

phylogenetic and palaeobotanical evidence indicates that many early angiosperm 933 

lineages were already associated with biotic pollination at this time (Stephens et al., 934 

2023). The shaded area labeled ‘Angiospermae’ represents the estimated relative 935 

diversity of angiosperms (Silvestro et al., 2015). Subsequently, animal-mediated seed 936 

dispersal became increasingly prevalent from the Late Cretaceous to early Paleogene 937 

(approximately 100–60 Ma) (Tiffney & Mazer, 1995; Eriksson et al., 2000; Jin et al., 938 

2026). These evolutionary events are shown as the stepwise assembly of enabling 939 

structural conditions, defined by specific configurations of mycorrhizal type, pollination 940 

mode, and seed dispersal mode (listed in this order). The Baseline configuration of 941 

interactions (AM–biotic pollination–biotic seed dispersal) represents the structural 942 

foundation that ignites the FISS, whereas alternative configurations involving 943 

ectomycorrhizal (EcM; which repeatedly evolved since the Late Cretaceous across 944 
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multiple plant and fungal lineages, ca. 100–50 Ma; Tedersoo & Smith 2013), ericoid 945 

mycorrhizae (ErM; likely originated in the Paleogene, ca. 65–30 Ma; Cairney & Meharg 946 

2003), or orchid mycorrhizal (OM; emerging with the early diversification of orchids in 947 

the Late Cretaceous, ca. 100–50 Ma, and involving multiple independent fungal 948 

partners; Givnish et al. 2015) associations generate distinct diversification regimes 949 

(Table 1). Orchid OMU (forest understory) represents a light-limited escape system 950 

enabling persistence under chronically low-light conditions, often via ectomycorrhizal 951 

networks, whereas Orchid OMC (canopy epiphyte) represents a canopy escape system 952 

exploiting high-light environments with strong dependence on orchid mycorrhizae. 953 

The lines connecting FISS to EcM-, ErM-, and OM-based configurations indicate their 954 

evolutionary derivation from the ancestral AM symbiosis. They do not imply that these 955 

configurations arose directly from FISS itself; rather, they reflect independent 956 

reconfigurations of interaction systems built upon an AM-derived symbiotic foundation. 957 

 958 
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Table 1. Interaction configurations and their predicted diversification regimes. 959 

Major configuration 

category 

Primary pollination 

mode 

Seed dispersal 

mode 

Mycorrhizal 

association 

Expected effects on diversification (λ, 

μ) 

Baseline-

configuration 

Biotic pollination Animal-mediated Arbuscular 

mycorrhiza 

Moderate to high λ; low μ – Pollinator-

mediated reproductive isolation 

promotes lineage splitting, while 

efficient dispersal and AM-mediated 

nutrient acquisition buffer extinction 

and support long-term persistence 

Ectomycorrhizal 

(EcM)-configuration 

Predominantly wind 

pollination 

Gravity and wind Ectomycorrhiza  Low to moderate λ; consistently low μ – 

Diversification driven mainly by 

physiological tolerance, geographic 

expansion, and extinction avoidance via 
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shared fungal networks rather than 

partner specialization 

Ericoid mycorrhizae 

(ErM)-configuration 

Biotic pollination 

(mainly insects) 

Gravity- or animal-

mediated 

Ericoid mycorrhiza  Moderate λ; low to moderate μ – 

Reproductive diversification under 

strong nutrient limitation; persistence 

facilitated by highly specialized nutrient 

acquisition strategies 

Orchid OMF (forest 

understory) -

configuration (light-

limited escape 

system) 

Reduced or highly 

specialized biotic 

pollination (often 

Hymenoptera) 

Wind or animal-

mediated 

Orchid mycorrhiza 

(Basidiomycota; 

often linked to EcM 

networks) 

Potentially high λ; high μ – Strong 

reproductive isolation and niche novelty 

promote rapid speciation, but extreme 

symbiotic dependence and demographic 

sensitivity elevate extinction risk 
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Orchid OMC (canopy 

epiphyte)-

configuration 

(canopy escape 

system) 

Highly specialized 

biotic pollination 

(often Hymenoptera) 

Wind dispersal Orchid mycorrhiza 

(Basidiomycota; 

weak or no soil EcM 

connection) 

Moderate to high λ; high μ – Rapid 

lineage turnover driven by strong 

reproductive isolation and ecological 

release, coupled with high 

environmental and demographic 

vulnerability 

* Expected effects on speciation (λ) and extinction (μ) are comparative and hypothesis-driven, inferred from diversification patterns, 960 

ecological persistence, reproductive isolation mechanisms, and symbiotic constraints. These categories represent relative expectations 961 

among alternative symbiotic strategies rather than direct rate estimates. Table S1 summarizes predominant tendencies of individual 962 

interactions within configurations and does not imply that diversification regimes can be inferred from speciation or extinction 963 

components in isolation.  964 



49 

 

Table S1. Distinct and emergent macroevolutionary roles of major plant mutualisms. Arrows indicate the direction and relative 965 

magnitude of effects on diversification components: ↑ and ↓ denote moderate increases or decreases, ↑↑ and ↓↓ denote strong increases 966 

or decreases, and ↔ indicates little or no consistent effect. Context-dependent effects reflect variation among taxa or ecological 967 

conditions. 968 

Mutualistic 

interaction 

Primary 

ecological 

function 

Main 

macroevolutionary 

effect 

Effect on 

speciation 

rate (s) 

Effect on 

extinction 

rate (μ) 

Net 

diversification 

(λ) 

Key mechanisms Representative 

references 

Pollination Pollen transfer 

and mate 

choice 

Lineage splitting ↑↑ ↔ / ↑ 

(context-

dependent) 

↑ Pollinator-mediated 

assortative mating; 

sensory bias; 

behavioral 

constancy; floral 

modularity 

Stebbins 1974; 

Sargent 2004; 

Van der Niet 

& Johnson 

2014 
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Seed 

dispersal 

Spatial 

redistribution of 

offspring 

Lineage 

persistence 

↔ / ↑ ↓↓ ↔ / ↑ Reduced density-

dependent 

mortality; range 

expansion; 

demographic 

buffering; genetic 

connectivity 

Seidler & 

Plotkin 2006; 

Beckman & 

Sullivan 

(2023) 

Mycorrhizal 

symbioses 

(AM) 

Nutrient 

acquisition; 

stress buffering 

Lineage 

persistence; 

ecological 

opportunity 

↔ / ↑ ↓↓ ↔ / ↑ Improved seedling 

establishment; 

Resource 

partitioning; 

enhanced 

reproductive 

allocation; niche 

Tedersoo et al. 

(2020) 
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expansion 

Functionally 

Integrated 

Symbiotic 

System 

(Symbiotic 

Engine) 

Coordinated 

reproduction, 

dispersal, and 

resource 

acquisition 

Sustained net 

diversification 

↑↑ ↓↓ ↑↑ Resolution of s–μ 

trade-off through 

complementary 

functions; 

demographic and 

ecological buffering 

 

969 
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Box 1. The Functionally Integrated Symbiotic System (FISS): Core Features 970 

The Functionally Integrated Symbiotic System (FISS) describes a macroevolutionary 971 

system in which multiple mutualistic interactions are organized such that processes 972 

promoting lineage splitting and those enhancing lineage persistence are partially 973 

decoupled. Rather than arising from individual traits or isolated interactions, this system 974 

emerges from the coordinated combination of pollination, seed dispersal, and 975 

mycorrhizal symbioses operating across life-history stages and spatial scales. 976 

Functional decoupling 977 

Processes promoting lineage splitting and those enhancing persistence tend to operate 978 

on different components of the life cycle and at different spatial and temporal scales. 979 

Reproductive processes associated with mating and gene flow are often separated from 980 

those governing establishment, survival, and resource acquisition. This separation can 981 

allow diversification to proceed without a strict coupling between increased speciation 982 

and elevated extinction risk. 983 

Asymmetric contributions of mutualisms 984 

Within this decoupled structure, different mutualisms appear to contribute unequally to 985 

speciation and extinction dynamics. Pollination is more consistently associated with 986 

processes that promote lineage splitting, whereas seed dispersal and mycorrhizal 987 

symbioses tend to enhance persistence by reducing extinction risk. This asymmetry 988 

reflects a division of functional roles among interactions, rather than equivalent or 989 

additive effects. 990 
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System-level buffering 991 

Stability at macroevolutionary timescales may emerge from the combined effects of 992 

multiple interactions rather than from the strength of individual pairwise relationships. 993 

By operating within multispecies assemblages, persistence-enhancing mutualisms can 994 

provide redundancy, spatial buffering, and demographic stabilization, potentially 995 

reducing extinction risk even when speciation-promoting processes remain active. 996 

Dependence on the configuration of interactions 997 

Diversification outcomes are expected to depend on how interactions are combined, 998 

rather than simply on the presence of multiple mutualisms. Different combinations of 999 

pollination, seed dispersal, and mycorrhizal associations can be associated with distinct 1000 

diversification dynamics, suggesting that similar components may yield different 1001 

macroevolutionary outcomes depending on their organization (Table 1). 1002 

Under these features, the FISS is best understood not as a single mechanism, 1003 

but as an emergent pattern of diversification arising from the coordinated organization 1004 

of multiple mutualistic interactions. 1005 

 1006 

 1007 


