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Summary 12 

Flowering plants have generated and maintained exceptional diversity for over 100 13 

million years despite repeated environmental change and mass extinction events. 14 

Explaining this evolutionary success requires understanding not only how new lineages 15 

arise, but also how they persist after divergence. Although multiple ecological traits and 16 

interactions are known to influence angiosperm diversification, less attention has been 17 

paid to whether different interactions contribute asymmetrically to lineage generation 18 

and lineage persistence. Here, I develop the Functionally Integrated Symbiotic System 19 

(FISS) as an organizational and testable hypothesis in which ecological interactions are 20 

functionally integrated when they make distinct and complementary contributions 21 

across demographic and evolutionary bottlenecks. Pollination is expected to contribute 22 

disproportionately to lineage generation through reproductive isolation, whereas seed 23 

dispersal and mycorrhizal symbioses may contribute more strongly to persistence-24 

related processes by promoting spatial expansion, successful recruitment, and 25 

environmental buffering. These three mutualisms are treated as an illustrative set 26 

spanning reproductive, dispersal, and establishment stages rather than as an exhaustive 27 

set of interactions affecting diversification. FISS therefore predicts that mutualistic traits 28 

should show asymmetric associations with lineage generation and persistence, and that 29 

their joint functional configuration should provide greater explanatory or predictive 30 

information about long-term diversification than individual interactions alone. FISS 31 

provides a basis for testing how the functional organization of ecological interactions 32 

may shape macroevolutionary dynamics. 33 
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Introduction 36 

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

maintained exceptional species diversity for more than 100 million years, representing 38 

one of the most consequential macroevolutionary radiations in the history of life 39 

(Benton et al., 2022; Ding et al., 2025). Understanding this evolutionary success 40 

requires explaining both the repeated generation of new lineages and their persistence 41 

over evolutionary time. These two components need not respond to ecological processes 42 

in the same way. Processes that promote lineage splitting, including ecological 43 

specialization, assortative mating, population subdivision, and geographic isolation, can 44 

also increase demographic or environmental vulnerability, particularly during the early 45 

stages of lineage formation (Van Valen, 1976; Bell, 1982; Lancaster, 2010; Rabosky, 46 

2013). Consequently, elevated rates of lineage formation do not necessarily lead to 47 

sustained lineage accumulation. Identifying processes that influence the balance 48 

between lineage generation and persistence is therefore central to understanding long-49 

term diversification. 50 

Angiosperm diversification has been attributed to morphological and genomic 51 

innovations, environmental change, ecological opportunity, and combinations of these 52 

factors (Donoghue & Sanderson, 2015; Helmstetter et al., 2023; Ding et al., 2025). 53 

Frameworks such as confluence and synnovation have emphasized that diversification 54 

can result from combinations of traits and innovations rather than from single key 55 

innovations acting independently (Donoghue & Sanderson, 2015). Mutualistic 56 

interactions have likewise been implicated in angiosperm diversification. Pollination 57 

can alter reproductive isolation and floral divergence, seed dispersal can influence 58 
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colonization and spatial connectivity, and mycorrhizal symbioses can affect 59 

establishment, resource acquisition, and environmental tolerance (Hodges & Arnold, 60 

1995; Tiffney & Mazer, 1995; Tedersoo et al., 2020; Peris et al., 2025). The unresolved 61 

issue, however, is not simply whether multiple interactions contribute jointly to 62 

diversification. Rather, it is whether different interactions make systematically different 63 

contributions to the distinct processes that generate and maintain lineages. Existing 64 

multi-factor approaches generally ask which combinations of traits or ecological 65 

conditions are associated with diversification, but have less often explicitly 66 

distinguished how different factors contribute to lineage generation and lineage 67 

persistence. 68 

Pollination, seed dispersal, and mycorrhizal symbioses provide a useful system 69 

in which to develop this idea because they influence different major stages of the 70 

angiosperm life cycle. Pollination directly affects mating, gene flow, and reproductive 71 

isolation; seed dispersal determines the spatial redistribution of offspring, colonization, 72 

and connectivity among populations; and mycorrhizal symbioses strongly influence 73 

establishment, nutrient acquisition, stress tolerance, and plant–soil interactions. These 74 

three mutualisms are therefore considered here not because they represent all 75 

interactions relevant to angiosperm diversification, but because together they span 76 

reproductive, dispersal, and establishment bottlenecks through which newly formed 77 

lineages must pass. Other mutualisms, including defensive and nitrogen-fixing 78 

symbioses, as well as antagonistic interactions and intrinsic life-history traits, may 79 

influence the same or additional bottlenecks and could be incorporated into the same 80 

framework where appropriate. 81 
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Available evidence suggests that these three mutualisms may differ in their 82 

predominant contributions to diversification. Pollination-related traits can promote 83 

reproductive isolation and lineage splitting through pollinator shifts, assortative pollen 84 

transfer, and floral divergence (Grant & Grant, 1965; Kay & Sargent, 2009; van der Niet 85 

et al., 2014; Serrano-Serrano et al., 2017; Dorey & Schiestl, 2024). In contrast, seed 86 

dispersal and mycorrhizal symbioses strongly influence ecological processes expected 87 

to enhance persistence, including successful recruitment, geographic expansion, 88 

demographic connectivity, resource acquisition, and environmental buffering (Levin et 89 

al., 2003; Peay, 2016; Tedersoo et al., 2020; Beckman & Sullivan, 2023). These 90 

associations are not exclusive: dispersal and mycorrhizal symbioses can also contribute 91 

to divergence, whereas pollination can affect persistence. Moreover, much of the 92 

evidence linking dispersal and mycorrhizal symbioses to persistence derives from 93 

population- and ecological-level processes rather than direct estimates of 94 

macroevolutionary extinction rates. The proposed asymmetry should therefore be 95 

treated as a hypothesis about predominant functional tendencies that requires explicit 96 

comparative testing, rather than as an established partitioning of mutualistic effects. 97 

Here, I develop this hypothesis as the Functionally Integrated Symbiotic 98 

System (FISS). In FISS, “integration” does not imply obligate coevolution, physical 99 

coupling, or the evolution of a discrete interaction network. Instead, interactions are 100 

considered functionally integrated when they (i) influence distinguishable demographic 101 

or evolutionary bottlenecks, (ii) make complementary rather than fully redundant 102 

contributions across those bottlenecks, and (iii) generate joint predictions about lineage 103 

outcomes that cannot be inferred from individual interactions alone. Within FISS, 104 
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pollination is expected to contribute disproportionately to lineage generation, whereas 105 

seed dispersal and mycorrhizal symbioses are expected to contribute more strongly to 106 

processes associated with establishment and persistence. Yamawo and Ohno (2024) 107 

showed that pollination, seed dispersal, and mycorrhizal associations can exhibit non-108 

independent evolutionary relationships. FISS addresses a different question: whether the 109 

ecological functions of such interactions are asymmetrically organized across lineage 110 

generation and persistence, and whether this organization helps explain long-term 111 

diversification. This Viewpoint first evaluates the evidence for these contrasting 112 

functional tendencies, then develops FISS as an organizational and testable hypothesis, 113 

and finally outlines predictions for determining whether interaction configurations 114 

influence diversification beyond the effects of individual mutualisms. 115 

 116 

Lineage generation and persistence as distinct components of diversification 117 

Long-term diversification depends on both the generation of new lineages and their 118 

persistence after divergence. These components need not respond similarly to ecological 119 

processes. Newly diverged lineages are often geographically restricted, demographically 120 

small, or ecologically specialized, conditions that can increase vulnerability to 121 

environmental variation and lineage loss (Futuyma & Moreno, 1988; Dynesius & 122 

Jansson, 2000; Davies et al., 2004; Vamosi & Vamosi, 2010). Consequently, elevated 123 

rates of lineage formation do not necessarily translate into sustained lineage 124 

accumulation over macroevolutionary timescales (Ricklefs, 2007; Rabosky, 2013). 125 

Rapid lineage formation may instead generate high turnover when newly formed 126 
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lineages fail to pass through ecological or demographic bottlenecks. 127 

Many angiosperm clades nevertheless combine repeated lineage formation with 128 

long-term persistence across heterogeneous and fluctuating environments (Crepet & 129 

Niklas, 2009; Sauquet & Magallón, 2018). This pattern raises the possibility that 130 

ecological processes acting after divergence can modify the relationship between 131 

lineage generation and extinction vulnerability. From this perspective, understanding 132 

angiosperm diversification requires identifying not only mechanisms that promote 133 

lineage splitting, but also processes that increase the probability that newly formed 134 

lineages establish and persist. 135 

Pollination as a divergence-promoting mutualism 136 

Lineage splitting in angiosperms arises through multiple ecological and evolutionary 137 

processes, including habitat specialization, geographic isolation, polyploidization, and 138 

biotic interactions (Benton et al., 2022; Ding et al., 2025). Among these processes, 139 

pollination mutualisms are particularly relevant to lineage divergence because they 140 

directly affect mating patterns and gene flow. A large proportion of angiosperm species 141 

are associated with animal-mediated pollination (Ollerton, 2017; Stephens et al., 2023; 142 

Tong et al., 2023; Peris et al., 2025), and palaeobotanical evidence suggests that biotic 143 

pollination was already widespread early in angiosperm evolution (Peris et al., 2025; 144 

Negri & Toledo, 2026). 145 

Empirical and comparative studies show that pollination-related traits can 146 

promote reproductive isolation through pollinator shifts, floral divergence, and 147 

assortative pollen transfer (Grant & Grant, 1965; Kay & Sargent, 2009; van der Niet et 148 
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al., 2014; Serrano-Serrano et al., 2017; Barreto et al., 2024; Dorey & Schiestl, 2024). 149 

Changes in pollinator behaviour or floral phenotype can reduce gene flow among 150 

populations and thereby facilitate reproductive divergence (Waser et al., 1996; Chittka 151 

et al., 1999; Muchhala & Potts, 2007). These mechanisms provide a direct functional 152 

link between pollination and lineage generation. 153 

However, enhanced reproductive divergence does not necessarily lead to 154 

sustained lineage accumulation. Evidence that pollination-related specialization 155 

consistently increases long-term net diversification remains mixed across clades and 156 

ecological contexts (Sargent, 2004; O’Meara et al., 2016; Peris et al., 2025). This 157 

inconsistency does not necessarily contradict a predominant role of pollination in 158 

lineage generation, because net diversification integrates both lineage formation and 159 

lineage loss, and the macroevolutionary consequences of floral specialization may vary 160 

among clades and ecological contexts (Armbruster, 2014). Specialized pollination 161 

systems may also increase dependence on particular partners and thereby heighten 162 

sensitivity to partner loss or environmental fluctuations (Janzen, 1979; Herre et al., 163 

2008). 164 

Dispersal and mycorrhiza as persistence-related mutualisms 165 

Seed dispersal and mycorrhizal symbioses influence different ecological 166 

processes from those most directly affected by pollination. Their primary effects are 167 

often expressed through offspring redistribution, establishment, resource acquisition, 168 

demographic connectivity, and environmental buffering. These processes can increase 169 

population-level persistence and therefore provide plausible mechanisms through which 170 
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newly formed lineages may survive post-divergence bottlenecks. 171 

Approximately 60% of angiosperm species, and most woody plants, depend on 172 

biotic seed dispersal (Yamawo & Ohno, 2024; Jin et al., 2026). Animal-mediated 173 

dispersal can reduce density-dependent mortality near conspecific adults (Janzen, 1970; 174 

Connell, 1971; Comita et al., 2014), increase spatial spread and recolonization, and 175 

maintain genetic connectivity among populations (Levin et al., 2003; Beckman & 176 

Sullivan, 2023). By facilitating colonization and connectivity across heterogeneous 177 

landscapes, dispersal may also enhance metapopulation persistence and environmental 178 

tracking under changing conditions (Snäll et al., 2005; Sexton et al., 2009; Thompson et 179 

al., 2017). Because larger and more connected geographic ranges are generally 180 

associated with lower extinction vulnerability, these effects provide a potential 181 

ecological pathway linking dispersal to long-term lineage persistence (Sheth et al., 182 

2020). 183 

Mycorrhizal symbioses can similarly influence persistence-related processes by 184 

enhancing nutrient acquisition, stress tolerance, pathogen protection, and seedling 185 

performance. Arbuscular mycorrhizal symbioses, which occur in approximately 72% of 186 

angiosperm species (Tedersoo et al., 2020), are particularly widespread and can modify 187 

resource acquisition and plant–soil interactions in ways that buffer environmental 188 

variability (Peay, 2016; Tedersoo et al., 2020). At a broader biogeographic scale, 189 

mycorrhizal type can also influence plant colonization and establishment. A global 190 

analysis of island floras found that arbuscular mycorrhizal plants experience a stronger 191 

colonization filter than plants with other mycorrhizal types, particularly on more 192 

isolated islands, with subsequent consequences for patterns of diversification (Delavaux 193 



11 

 

et al., 2021). Such buffering may increase demographic stability under stochastic 194 

environmental conditions, where variation in recruitment and survival can strongly 195 

influence population persistence (Morris et al., 2008; Koons et al., 2009). 196 

These functional tendencies are not exclusive. Pollination can also influence 197 

persistence by altering reproductive limitation and plant coexistence (Johnson et al., 198 

2022), whereas seed dispersal and mycorrhizal symbioses can contribute to divergence 199 

through spatial isolation, ecological differentiation, niche expansion, or local adaptation 200 

(Onstein et al., 2017). The distinction proposed here therefore concerns predominant 201 

functional pathways rather than fixed categories of interaction effects. 202 

Importantly, the evidence for persistence-related effects differs in scale from 203 

much of the evidence linking pollination to reproductive divergence. Comparative 204 

analyses have often detected weak or inconsistent associations between dispersal mode, 205 

mycorrhizal type, and overall diversification rates (Feijen et al., 2018; Reginato et al., 206 

2020; Jin et al., 2026). More broadly, a synthesis of phylogenetic comparative datasets 207 

across mutualistic systems found no consistent association between mutualism and 208 

diversification, with effects varying among interaction types and clades (Kaur & 209 

Pennell, 2023). For example, a global analysis of 35,131 angiosperm species found no 210 

significant association between seed-dispersal mode and diversification rate (Jin et al., 211 

2026). Such results do not necessarily exclude effects on lineage persistence, because 212 

net diversification may obscure distinct or context-dependent effects on lineage 213 

generation and lineage loss. Moreover, most evidence that dispersal and mycorrhizal 214 

symbioses enhance persistence comes from ecological and population-level processes, 215 

including recruitment, range dynamics, demographic buffering, and environmental 216 
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tolerance, rather than from direct estimates of macroevolutionary extinction rates. FISS 217 

therefore does not assume that these mutualisms have already been demonstrated to 218 

reduce extinction rates. Instead, it generates the hypothesis that their effects on 219 

persistence-related ecological processes can scale up to influence lineage persistence 220 

over macroevolutionary timescales. Testing this scaling relationship is a central 221 

empirical challenge for FISS. 222 

 223 

Functionally Integrated Symbiotic System: integration across lineage bottlenecks 224 

The contrasting functional tendencies described above motivate the Functionally 225 

Integrated Symbiotic System (FISS), an organizational and testable hypothesis in which 226 

ecological interactions make complementary and asymmetric contributions across 227 

demographic and evolutionary bottlenecks. FISS does not refer simply to the co-228 

occurrence of multiple mutualisms within a lineage, nor does it require coordinated 229 

coevolution, obligate interactions, or the existence of a discrete biological system. 230 

Instead, interactions are considered functionally integrated when they (i) influence 231 

distinguishable demographic or evolutionary bottlenecks, (ii) make complementary 232 

rather than fully redundant contributions across those bottlenecks, and (iii) generate 233 

joint predictions about lineage outcomes that cannot be inferred from any single 234 

interaction alone. Integration is therefore defined by functional organization rather than 235 

by taxonomic identity or physical coupling among interacting partners. 236 

Within FISS, pollination is expected to contribute disproportionately to lineage 237 

generation through effects on mating, gene flow, and reproductive isolation, whereas 238 
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seed dispersal and mycorrhizal symbioses are expected to contribute more strongly to 239 

post-divergence establishment and persistence through spatial expansion, demographic 240 

connectivity, resource acquisition, and environmental buffering. These roles are not 241 

exclusive. Seed dispersal and mycorrhizal symbioses may also contribute to divergence, 242 

whereas pollination may influence persistence under some ecological conditions. FISS 243 

therefore predicts differences in the relative strength of these effects rather than a strict 244 

partitioning of mutualistic functions. 245 

Functional complementarity may also occur among interactions acting on 246 

persistence-related bottlenecks. Successful establishment requires not only that 247 

propagules reach suitable sites, but also that recruits obtain the resources and 248 

belowground associations necessary for survival. Seed dispersal and mycorrhizal 249 

symbioses may therefore influence different components of the same post-divergence 250 

filtering process. The joint dispersal of plant diaspores and mycorrhizal fungal 251 

propagules by birds provides an illustrative example of how these pathways can become 252 

ecologically coupled (Correia et al., 2019), although direct evidence that such coupling 253 

influences macroevolutionary persistence remains limited. 254 

The central premise of FISS is that long-term diversification reflects both the 255 

generation of new lineages and their subsequent passage through persistence filters. 256 

Macroevolutionary outcomes should therefore depend not simply on the number or 257 

presence of mutualisms within a lineage, but on whether their functional effects span 258 

complementary bottlenecks associated with lineage generation and persistence. A 259 

lineage in which ecological interactions promote reproductive divergence but provide 260 

little support for establishment or persistence may experience different long-term 261 
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dynamics from one in which divergence-promoting and persistence-related functions 262 

occur together. Conversely, interactions that enhance persistence need not increase 263 

lineage generation directly to influence long-term lineage accumulation. FISS thus 264 

conceptualizes diversification as the combined outcome of lineage generation and 265 

subsequent ecological filtering. 266 

The three mutualisms emphasized here provide an illustrative system for 267 

developing this hypothesis rather than an exhaustive definition of FISS. Other 268 

ecological interactions, including defensive mutualisms, nitrogen-fixing symbioses, 269 

antagonistic interactions, and intrinsic life-history traits, could be incorporated when 270 

they influence comparable or additional bottlenecks. The relevant unit of comparison is 271 

therefore not a fixed set of interaction types, but the functional architecture through 272 

which ecological processes affect lineage generation and persistence. The strength and 273 

configuration of these effects are expected to vary among clades, environments, and 274 

evolutionary histories. 275 

FISS therefore makes two central predictions: ecological interactions should 276 

show asymmetric associations with lineage generation and persistence, and their joint 277 

functional configuration should provide information about long-term lineage outcomes 278 

beyond that provided by individual interactions alone. Testing this hypothesis requires 279 

separating processes associated with lineage generation from those associated with 280 

persistence and asking whether their functional organization improves explanations and 281 

predictions of macroevolutionary diversification. 282 

 283 
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Predictions and Future Directions 284 

If long-term diversification depends on the passage of newly generated lineages through 285 

successive ecological and demographic bottlenecks, FISS generates several testable 286 

predictions. 287 

First, ecological interactions should show asymmetric associations with lineage 288 

generation and persistence. Pollination-related traits are predicted to be more strongly 289 

associated with processes underlying lineage generation, including reproductive 290 

isolation and lineage splitting, whereas seed-dispersal and mycorrhizal traits are 291 

predicted to be more strongly associated with persistence-related processes, including 292 

establishment, spatial expansion, demographic stability, and environmental tolerance. 293 

This prediction does not require any interaction to affect only one component of 294 

diversification. Rather, FISS predicts differences in the relative strength of these 295 

associations. Comparative analyses that distinguish lineage-generation processes from 296 

persistence-related outcomes therefore provide the most direct test of the functional 297 

asymmetry proposed by FISS. 298 

Second, the functional configuration of ecological interactions should provide 299 

information about long-term lineage outcomes beyond that provided by individual 300 

interactions alone. If different interactions influence complementary bottlenecks, their 301 

macroevolutionary consequences should depend partly on how divergence- and 302 

persistence-related functions are combined. Lineages experiencing frequent 303 

reproductive divergence may not accumulate diversity if newly generated lineages 304 

repeatedly fail during establishment or subsequent ecological filtering. Conversely, 305 
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processes that enhance persistence need not directly increase lineage generation to 306 

influence long-term diversity. FISS therefore predicts that models incorporating the 307 

joint configuration of pollination, seed dispersal, and mycorrhizal states should provide 308 

greater explanatory or predictive performance than models based on individual 309 

interactions alone. More specifically, models allowing interactions among these states 310 

should outperform purely additive models when complementarity across lineage 311 

bottlenecks contributes to long-term lineage accumulation. 312 

A further prediction concerns evolutionary transitions in interaction 313 

architecture. Such transitions should be associated with predictable changes in the 314 

relative contributions of lineage generation and persistence. Transitions in pollination 315 

mode, dispersal strategy, or mycorrhizal association can alter the functional 316 

configuration through which lineages encounter reproductive, establishment, and 317 

persistence bottlenecks. FISS therefore predicts that transitions that modify the balance 318 

between divergence- and persistence-related functions may be followed by changes in 319 

lineage accumulation or evolutionary turnover. Testing this prediction requires 320 

distinguishing the effects of individual transitions from those of the broader interaction 321 

architecture while accounting for phylogenetic history, environmental context, and other 322 

traits that influence diversification. Transitions among arbuscular mycorrhizal (AM), 323 

ectomycorrhizal (EcM), ericoid mycorrhizal (ErM), and orchid mycorrhizal (OM) 324 

systems provide potential starting points for such analyses (Cairney & Meharg, 2003; 325 

Tedersoo & Smith, 2013; Givnish et al., 2015). These transitions are not expected to 326 

imply uniformly higher or lower diversification rates, but rather shifts in the relative 327 

contributions of lineage-generation and persistence-related processes. 328 
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These predictions also distinguish FISS from approaches that accommodate 329 

unmeasured diversification-rate heterogeneity without specifying its biological basis. 330 

Hidden-state models can account statistically for variation associated with unobserved 331 

factors, but they do not directly test a priori predictions about which ecological 332 

functions are more strongly associated with lineage generation or persistence. When 333 

biologically motivated interaction data are available, explicit multi-trait models 334 

therefore provide a more direct test of the functional asymmetry and complementarity 335 

predicted by FISS. Comparisons between models incorporating observed interaction 336 

states, their combinations, and hidden sources of heterogeneity may further help 337 

determine whether the proposed functional architecture explains diversification beyond 338 

unmeasured background variation. 339 

Orchids provide an illustrative system in which these predictions could be 340 

explored. Their combination of specialized pollination, highly dispersible seeds, and 341 

dependence on mycorrhizal fungi during germination and establishment spans processes 342 

associated with reproductive divergence, dispersal, and establishment, while these 343 

components vary substantially among orchid lineages and habitats. Epiphytic lineages, 344 

for example, have experienced rapid diversification and high evolutionary turnover in 345 

association with ecological specialization and distinctive pollination and mycorrhizal 346 

systems (Gamisch & Comes, 2019; Pérez‐Escobar et al., 2024). FISS does not predict a 347 

single diversification outcome for such configurations. Instead, it predicts that their 348 

macroevolutionary consequences should depend on how divergence-promoting and 349 

persistence-related functions are combined and on the ecological contexts in which they 350 

operate. 351 
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The key empirical challenge is therefore to determine whether ecological 352 

interactions influence diversification primarily through independent effects or through a 353 

functional architecture spanning lineage generation and persistence. Evidence that 354 

different interaction classes show reproducible functional asymmetries, that their joint 355 

configurations provide predictive information beyond individual interactions, and that 356 

evolutionary transitions in functional architecture are associated with corresponding 357 

changes in lineage outcomes would support FISS. Conversely, the absence of consistent 358 

functional asymmetry or additional explanatory value of interaction configurations 359 

would weaken its central predictions. Together, these predictions make FISS directly 360 

falsifiable. 361 

 362 

Evolutionary assembly and temporal dynamics of FISS 363 

The major mutualisms considered in FISS arose at different stages of plant evolution, 364 

raising the possibility that their macroevolutionary effects were assembled sequentially 365 

rather than appearing as a complete interaction architecture from the outset (Fig. 2). 366 

Arbuscular mycorrhizal symbioses originated early during land-plant evolution (Remy 367 

et al., 1994; Strullu-Derrien et al., 2018), whereas early angiosperms were already 368 

associated with biotic pollination (Stephens et al., 2023). Animal-mediated seed 369 

dispersal expanded later alongside the increasing prevalence of fleshy fruits and 370 

frugivory (Tiffney & Mazer, 1995; Eriksson et al., 2000; Jin et al., 2026). These 371 

temporal differences suggest that interaction architectures spanning belowground 372 

resource acquisition, reproduction, and dispersal may have accumulated progressively 373 
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during angiosperm evolution. Such progressive assembly may also have generated self-374 

reinforcing evolutionary dynamics, because diversification of angiosperms could create 375 

new ecological opportunities for their mutualistic partners, whose subsequent 376 

diversification may in turn expand the interaction opportunities available to plants 377 

(Gómez & Verdú, 2012; Peris & Condamine, 2024). 378 

FISS also generates a historical prediction: the macroevolutionary 379 

consequences of mutualisms may have changed as complementary functions 380 

accumulated across successive lineage bottlenecks. In particular, the early origin of 381 

biotic pollination predates major increases in angiosperm diversification rates (Benton 382 

et al., 2022; Ding et al., 2025). If pollination primarily promotes lineage generation, its 383 

early presence alone need not have produced sustained lineage accumulation. The later 384 

expansion of dispersal and other persistence-related functions may have increased the 385 

probability that newly generated lineages established, expanded, and persisted across 386 

heterogeneous environments. Under this interpretation, changes in long-term 387 

diversification should be associated not simply with the origin of individual mutualisms, 388 

but with transitions in their broader functional configuration. 389 

This historical interpretation remains provisional. The temporal associations 390 

among mutualisms and angiosperm diversification are largely correlational and do not 391 

demonstrate that complementary interactions caused major radiations. Testing this 392 

prediction will require integrating fossil evidence with phylogenetic reconstructions of 393 

interaction states and explicitly asking whether the assembly of divergence- and 394 

persistence-related functions preceded shifts in lineage accumulation. Figure 2 should 395 

therefore be interpreted as a conceptual illustration of this historical prediction, rather 396 
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than as a reconstructed evolutionary pathway. 397 

 398 

Conclusion 399 

The evolutionary success of angiosperms cannot be understood solely from the 400 

processes that generate new lineages; it also depends on whether those lineages persist. 401 

FISS formalizes this distinction by predicting that ecological interactions contribute 402 

asymmetrically to lineage generation and persistence. Pollination is expected to be more 403 

directly associated with lineage generation through reproductive isolation, whereas seed 404 

dispersal and mycorrhizal symbioses may contribute more strongly to persistence-405 

related processes through establishment, spatial expansion, demographic stability, and 406 

environmental buffering. 407 

The central proposition of FISS is therefore not simply that multiple 408 

mutualisms matter, but that their functional configuration across lineage-generation and 409 

persistence bottlenecks provides information that is lost when interactions are 410 

considered independently. The three mutualisms emphasized here provide an illustrative 411 

rather than exhaustive system for testing this idea. More generally, FISS predicts that 412 

long-term lineage accumulation should reflect both functional asymmetry among 413 

ecological interactions and complementarity across successive lineage bottlenecks. 414 

Whether this functional organization contributes substantially to 415 

macroevolutionary diversification remains an empirical question. Reproducible 416 

asymmetries between interactions associated with lineage generation and persistence, 417 

together with additional explanatory or predictive information from their joint 418 
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configurations, would support FISS; the absence of these patterns would weaken its 419 

central predictions. More broadly, FISS provides a testable way to examine how 420 

ecological interactions acting at different stages of organismal life cycles combine to 421 

shape the long-term generation and maintenance of biological diversity. 422 
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 624 

 625 

Figure 1. The Functionally Integrated Symbiotic System (FISS): asymmetric and 626 

complementary contributions of ecological interactions to lineage generation and 627 

persistence 628 

FISS predicts that different ecological interactions contribute asymmetrically across 629 

successive lineage bottlenecks. Solid arrows indicate hypothesized associations between 630 

major mutualisms and diversification-related processes, whereas dashed arrows indicate 631 

potential ecological linkages among interactions. Labels on dashed arrows denote 632 

representative ecological processes, including environmental buffering, establishment 633 

facilitation, and negative density dependence (NDD). These arrows represent 634 
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hypothesized tendencies rather than demonstrated causal effects. The framework 635 

emphasizes that long-term diversification dynamics may depend on the complementary 636 

functions performed by multiple mutualisms, rather than on the isolated effects of any 637 

single interaction. Unlike ecological syndromes that describe recurring combinations of 638 

traits or interactions, FISS focuses on how different mutualisms contribute to distinct 639 

but complementary processes of lineage divergence and persistence. Accordingly, FISS 640 

is presented as a conceptual framework for organizing potential macroevolutionary 641 

influences of multiple mutualisms, rather than as a coordinated interaction network, a 642 

discrete evolutionary unit, or an independently operating causal mechanism (Box 1). 643 

  644 



33 

 

 645 

Figure 2. Hypothesized temporal assembly of alternative interaction configurations 646 

under FISS. 647 

The figure illustrates how combinations of mycorrhizal symbioses, pollination, and 648 

seed-dispersal mutualisms may contribute to complementary processes of lineage 649 

divergence and persistence during angiosperm evolution. Interaction configurations are 650 

defined by combinations of mycorrhizal association, pollination mode, and seed-651 

dispersal mode, listed in this order. The AM–biotic pollination–biotic seed dispersal 652 

configuration is presented as a representative mutualistic configuration potentially 653 

associated with complementary diversification-related processes, whereas EcM-, ErM-, 654 

and OM-dominated configurations represent alternative interaction architectures that 655 

may differ in the relative contributions of lineage-generation and persistence-related 656 

processes (Table 1). Orchid OMF- and OMC-dominated configurations represent 657 

conceptual understory and canopy orchid systems, respectively. Connections among 658 
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configurations are included solely to illustrate potential transitions among alternative 659 

mutualistic configurations within the FISS framework. They should not be interpreted 660 

as reconstructed evolutionary pathways or as direct evidence of historical evolutionary 661 

relationships. 662 
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Table 1. Hypothetical contributions of alternative interaction configurations to lineage generation and persistence under FISS 663 

Alternative combinations of pollination mode, seed-dispersal mode, and mycorrhizal association may make different contributions to 664 

lineage generation and persistence. The configurations shown here are illustrative conceptual hypotheses rather than discrete empirical 665 

categories or quantitative predictions. No configuration is assumed to be universally optimal, and the relative strength of each 666 

contribution is expected to vary among lineages and environmental contexts. 667 

Illustrative 

interaction 

configuration 

Primary 

pollination 

mode 

Seed-

dispersal 

mode 

Mycorrhizal 

association 

Hypothesized 

contribution to lineage 

generation 

Hypothesized contribution to 

persistence 

AM–biotic 

pollination–

animal 

dispersal 

configuration 

Biotic 

pollination 

Animal-

mediated 

Arbuscular 

mycorrhiza 

(AM) 

Biotic pollination may 

promote reproductive 

isolation through 

pollinator shifts, 

assortative pollen 

transfer, and floral 

divergence. 

Animal-mediated dispersal and 

AM symbiosis may facilitate 

recruitment, spatial expansion, 

demographic connectivity, 

resource acquisition, and 

environmental buffering. 

EcM-

dominated 

configuration 

Predominantly 

wind 

pollination 

Gravity 

and 

wind 

Ectomycorrhiza 

(EcM) 

Pollination-mediated 

lineage generation may 

be relatively weak, 

although geographic or 

EcM associations may enhance 

resource acquisition and 

environmental tolerance, 

potentially strengthening 
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ecological differentiation 

may still contribute to 

lineage generation. 

persistence under stressful or 

seasonal conditions. 

ErM-

dominated 

configuration 

Biotic 

pollination, 

mainly insects 

Gravity- 

or 

animal-

mediated 

Ericoid 

mycorrhiza 

(ErM) 

Biotic pollination and 

ecological specialization 

may contribute to 

reproductive and 

ecological divergence. 

Specialized nutrient acquisition 

and tolerance of nutrient-poor or 

stressful environments may 

facilitate establishment and 

persistence. 

Orchid OMF 

understory 

configuration 

Reduced or 

highly 

specialized 

biotic 

pollination, 

often 

Hymenoptera 

Wind or 

animal-

mediated 

Orchid 

mycorrhiza, 

often 

associated with 

belowground 

EcM networks 

Specialized pollination 

and ecological 

specialization may 

promote reproductive 

divergence and lineage 

generation. 

Persistence may be strongly 

context-dependent because 

mycorrhizal dependence can 

facilitate establishment while also 

increasing sensitivity to partner 

availability and local 

environmental conditions. 

Orchid OMC 

epiphytic 

canopy 

configuration 

Highly 

specialized 

biotic 

pollination, 

often 

Hymenoptera 

Wind 

dispersal 

Orchid 

mycorrhiza, 

with weak or 

no connection 

to soil EcM 

networks 

Specialized pollination 

and ecological 

opportunity may 

promote reproductive 

isolation and lineage 

generation. 

Wind dispersal may facilitate 

colonization, whereas dependence 

on specialized establishment 

conditions may increase 

demographic and environmental 

vulnerability. 

Table S1. Illustrative summary of the hypothesized functional contributions of major plant mutualisms to lineage generation and 668 
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persistence 669 

The relationships summarized here represent hypothesized predominant functional tendencies rather than fixed classifications or 670 

quantitative effect sizes. Each interaction may influence both lineage generation and persistence, and its relative contribution is expected 671 

to vary among lineages, environments, and ecological contexts. 672 

Mut

ualis

tic 

inter

acti

on 

Primary 

ecologic

al 

function 

Hypo

thesiz

ed 

predo

mina

nt 

contri

butio

n 

Potential contribution to 

lineage generation 

Potential contribution to 

lineage persistence 

Representative 

mechanisms 

Representative 

references 

Polli Pollen Linea Can promote reproductive Variable and context- Assortative pollen Sargent (2004); 
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nati

on 

mut

ualis

ms 

transfer 

and 

mate 

choice 

ge 

gener

ation 

isolation through 

pollinator shifts, 

assortative pollen transfer, 

floral divergence, and 

reduced gene flow. 

dependent; reliable pollination 

may support reproductive 

persistence, whereas strong 

specialization may increase 

dependence on particular 

partners. 

transfer; pollinator 

shifts; floral 

divergence; reduced 

gene flow; sensory and 

behavioural 

specialization 

Kay & Sargent 

(2009); van der 

Niet et al. (2014); 

Dorey & Schiestl 

(2024) 

See

d-

disp

ersal 

mut

ualis

ms 

Spatial 

redistrib

ution of 

offsprin

g 

Persis

tence

-

relate

d 

proce

sses 

May contribute to 

divergence through range 

expansion, spatial 

isolation, and changes in 

population connectivity, 

depending on ecological 

and geographic context. 

May facilitate recruitment, 

colonization, recolonization, 

demographic connectivity, 

environmental tracking, and 

range expansion. 

Reduced density-

dependent mortality; 

colonization; 

metapopulation 

connectivity; genetic 

connectivity; spatial 

spread 

Levin et al. (2003); 

Reginato et al. 

(2020); Sheth et al. 

(2020); Beckman 

& Sullivan (2023) 

Myc Resourc Persis May contribute to May facilitate seedling Nutrient acquisition; Feijen et al. 



39 

 

orrh

izal 

sym

bios

es 

e 

acquisiti

on, 

establish

ment, 

and 

stress 

bufferin

g 

tence

-

relate

d 

proce

sses 

ecological divergence 

through niche expansion, 

habitat colonization, and 

local adaptation. 

establishment, resource 

acquisition, stress tolerance, 

pathogen protection, and 

demographic buffering under 

environmental variation. 

improved 

establishment; 

environmental 

buffering; stress 

tolerance; plant–soil 

interactions; niche 

expansion 

(2018); Peay 

(2016); Tedersoo 

et al. (2020) 

 673 

 674 
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Box 1. The Functionally Integrated Symbiotic System (FISS): an organizational 675 

and testable hypothesis 676 

 677 

Why FISS? 678 

Multiple ecological interactions can influence diversification, but their effects need not 679 

operate through the same processes. FISS focuses on whether different interactions 680 

make asymmetric and complementary contributions to lineage generation and 681 

persistence. Its novelty therefore lies not in arguing that multiple mutualisms matter, but 682 

in organizing their effects according to the demographic and evolutionary bottlenecks 683 

through which they act. 684 

 685 

Operational definition of functional integration 686 

FISS does not require coordinated coevolution, obligate interactions, or the existence of 687 

a discrete biological system. Interactions are considered functionally integrated when 688 

they (i) influence distinguishable demographic or evolutionary bottlenecks, (ii) make 689 

complementary rather than fully redundant contributions across those bottlenecks, and 690 

(iii) generate joint predictions about lineage outcomes that cannot be inferred from any 691 

single interaction alone. 692 

 693 

Asymmetric functional contributions 694 
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FISS predicts differences in the predominant contributions of ecological interactions to 695 

diversification. Pollination is expected to contribute more strongly to lineage generation 696 

through effects on mating, gene flow, and reproductive isolation, whereas seed dispersal 697 

and mycorrhizal symbioses are expected to contribute more strongly to persistence-698 

related processes through establishment, spatial expansion, demographic connectivity, 699 

resource acquisition, and environmental buffering. These roles are not exclusive; the 700 

hypothesis predicts differences in relative effect strength rather than a strict partitioning 701 

of functions. 702 

 703 

Functional complementarity across lineage bottlenecks 704 

Long-term diversification depends not only on the generation of new lineages, but also 705 

on their passage through subsequent ecological and demographic filters. Interactions 706 

promoting reproductive divergence may therefore have different long-term 707 

consequences depending on whether other ecological processes facilitate establishment 708 

and persistence. Similarly, persistence-related interactions need not directly increase 709 

lineage generation to influence long-term lineage accumulation. FISS thus predicts that 710 

functional configurations spanning complementary bottlenecks may have 711 

macroevolutionary consequences that are not captured by individual interactions alone. 712 

 713 

Dependence on interaction configuration 714 

FISS does not predict a universally optimal combination of mutualisms. The 715 

consequences of a given configuration should depend on the strength and combination 716 
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of divergence- and persistence-related functions, as well as on phylogenetic and 717 

environmental context. Pollination, seed dispersal, and mycorrhizal symbioses provide 718 

an illustrative system for testing this hypothesis rather than an exhaustive set of 719 

interactions relevant to diversification (Table 1). 720 

 721 

Distinction from ecological syndromes 722 

Ecological and evolutionary syndromes generally describe recurrent combinations of 723 

traits or interactions within lineages. FISS instead concerns the functional distribution 724 

of ecological effects across different components of diversification. Its central 725 

prediction is therefore not that particular interaction types should repeatedly co-occur, 726 

but that interactions associated with lineage generation and those associated with 727 

persistence should show reproducible functional asymmetries and complementary 728 

effects on long-term lineage outcomes. 729 

 730 

How can FISS be tested? 731 

FISS predicts that (i) ecological interactions will differ systematically in the relative 732 

strength of their associations with lineage generation and persistence, and (ii) models 733 

incorporating their functional configuration will provide greater explanatory or 734 

predictive information than models based on individual interactions alone. Failure to 735 

detect either pattern would provide evidence against the central predictions of FISS. 736 

 737 


