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Abstract 12 

Flowering plants have maintained exceptional diversity for over 100 million years 13 

despite repeated environmental change and mass extinction events. A central challenge 14 

in plant macroevolution is understanding how lineages achieve both extensive 15 

diversification and long-term persistence. While pollination, seed dispersal, and 16 

mycorrhizal symbioses are recognized as key drivers of plant evolution, they are 17 

typically studied in isolation, limiting our understanding of how their combined effects 18 

influence diversification dynamics. Here, I propose that angiosperm diversification may 19 

be better understood through a framework that considers the functional integration of 20 

multiple mutualisms operating across the plant life cycle. Within this framework, 21 

pollination is expected to contribute disproportionately to lineage divergence through 22 

reproductive isolation, whereas seed dispersal and mycorrhizal symbioses may 23 

contribute more strongly to lineage persistence by enhancing establishment success, 24 

spatial expansion, environmental buffering, and recovery from disturbance. Importantly, 25 

these mutualisms are unlikely to act independently; instead, their interactions may 26 

generate functional complementarity across life-history stages, potentially coupling 27 

processes of diversification and persistence. I term this organizational hypothesis a 28 

Functionally Integrated Symbiotic System (FISS), a conceptual framework for 29 

understanding how multiple mutualisms may collectively influence lineage divergence 30 

and persistence across evolutionary timescales. By shifting attention from pairwise 31 

interactions to the higher-order organization of symbiotic systems, FISS generates 32 

testable predictions regarding how alternative mutualistic configurations may influence 33 

diversification and persistence in angiosperms. More broadly, this framework suggests 34 
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that large-scale evolutionary dynamics may emerge from the hierarchical integration of 35 

ecological interactions into coordinated functional systems, and provides an 36 

organizational perspective for interpreting how multiple mutualisms may jointly shape 37 

macroevolutionary patterns. 38 

 39 

Keywords: biological interactions, diversification, macroevolution, mycorrhizal 40 

symbiosis, pollination, seed dispersal 41 
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Introduction 43 

Flowering plants (angiosperms) dominate terrestrial ecosystems and have sustained 44 

extraordinary species diversity for over 100 million years, marking one of the most 45 

consequential macroevolutionary transitions in the history of life (Benton et al., 2022; 46 

Ding et al., 2025). Throughout their evolutionary history, angiosperms repeatedly 47 

diversified while persisting across heterogeneous and fluctuating environments, despite 48 

classical evolutionary theory predicting a fundamental trade-off between speciation and 49 

extinction. Processes that promote speciation, such as ecological specialization and 50 

population subdivision, also tend to increase extinction risk (Van Valen, 1976; Bell, 51 

1982; Lancaster, 2010; Rabosky, 2013). How angiosperms have been able to relax this 52 

trade-off and maintain long-term diversification dynamics remains a central and 53 

unresolved problem in evolutionary biology. 54 

Angiosperm diversification has traditionally been explained by morphological 55 

key innovations, environmental change, and ecological opportunity, often considered 56 

independently or in combination (Donoghue & Sanderson, 2015; Helmstetter et al., 57 

2023; Ding et al., 2025). Increasing evidence indicates that mutualistic interactions, 58 

including pollination, seed dispersal, and mycorrhizal symbioses, have also played 59 

important roles by reshaping ecological opportunities and influencing lineage 60 

persistence (Hodges et al., 1995; Tiffney & Mazer, 1995; Benton et al., 2022; Peris et 61 

al., 2025). Most angiosperms engage in multiple mutualisms across their life cycle, yet 62 

empirical studies have typically examined these interactions in isolation, limiting our 63 

ability to understand their combined macroevolutionary consequences. This is 64 

particularly relevant because diversification depends not only on lineage splitting, but 65 
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also on the persistence of newly formed lineages through post-divergence stages, which 66 

are likely influenced by different mutualistic processes. Accumulating evidence 67 

suggests that mutualisms can affect both reproduction and establishment, as well as 68 

dispersal and stress tolerance, indicating that their effects may be complementary across 69 

different stages of lineage formation and persistence. This motivates a conceptual 70 

framework that explicitly links multiple mutualistic interactions to the coupled 71 

processes of lineage divergence and persistence over macroevolutionary timescales. 72 

Existing studies have largely evaluated pollination, seed dispersal, and 73 

mycorrhizal symbioses as independent drivers of diversification. However, 74 

diversification is ultimately a demographic process requiring both lineage divergence 75 

and persistence through vulnerable post-divergence stages. A framework focusing on 76 

individual mutualisms alone may therefore overlook how different interactions 77 

contribute to distinct components of diversification dynamics. 78 

This Review synthesizes evidence that major angiosperm mutualisms 79 

differentially influence lineage divergence and persistence. These interactions are 80 

integrated in the Functionally Integrated Symbiotic System (FISS), a conceptual 81 

framework describing how multiple mutualisms jointly shape lineage formation and 82 

long-term persistence. Here, “integration” is used in a functional sense, referring to 83 

complementary effects across ecological and evolutionary scales, rather than tightly 84 

coevolved or obligatorily coordinated networks. Diversification and persistence are 85 

fundamentally asymmetric outcomes of mutualistic interactions. Diversification reflects 86 

contingent lineage-splitting processes associated with reproductive isolation and trait 87 

divergence, whereas persistence reflects cumulative, state-dependent processes 88 
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governing long-term lineage survival. Because these processes differ in their temporal 89 

and spatial scales and are underpinned by partially distinct ecological mechanisms, the 90 

same mutualistic interactions cannot be assumed to exert equivalent or predictably 91 

coupled effects on both outcomes. This asymmetry implies that macroevolutionary 92 

success cannot be inferred from diversification processes alone, but instead emerges 93 

from their interaction with persistence filters. Within this framework, pollination is 94 

primarily associated with lineage divergence, whereas seed dispersal and mycorrhizal 95 

symbioses more often may contribute to persistence through establishment, spatial 96 

expansion, and environmental buffering. Rather than contributing additively to a single 97 

adaptive outcome, these mutualisms structure a post-diversification filtering process in 98 

which only a subset of diverged lineages transitions into long-term persistence. Their 99 

combined effects therefore link, but do not equate, diversification and persistence, 100 

generating an inherent asymmetry in how mutualistic interactions scale from lineage 101 

formation to macroevolutionary success. 102 

 103 

Decoupling of Speciation and Persistence 104 

Macroevolutionary theory has long recognized a frequently discussed tension between 105 

speciation and extinction dynamics (Stanley 1979; Rabosky 2010). Processes that 106 

promote lineage splitting, such as ecological specialization, assortative mating, habitat 107 

subdivision, and geographic isolation, often simultaneously increase extinction risk 108 

because newly diverged lineages tend to occur as small, spatially restricted, and 109 

demographically vulnerable populations (Futuyma & Moreno 1988; Owens & Bennett 110 
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2000; Dynesius & Jansson 2000). In many cases, divergence is associated with reduced 111 

geographic ranges, increased habitat specialization, and heightened sensitivity to 112 

environmental variability and disturbance, all of which can elevate the probability of 113 

lineage loss before long-term establishment (Davies et al. 2004; Vamosi & Vamosi 114 

2010). As a consequence, elevated speciation rates do not necessarily translate into 115 

long-term diversification dynamics over macroevolutionary timescales (Ricklefs 2007; 116 

Rabosky 2013). Rapid lineage formation may instead generate high lineage turnover if 117 

newly formed populations fail to persist through ecological or demographic bottlenecks. 118 

Long-term diversification dynamics therefore depend not only on the generation of new 119 

lineages, but also on the ecological and demographic processes that govern their 120 

persistence after divergence. 121 

However, this classical view assumes a relatively tight coupling between 122 

speciation and extinction processes that may not hold universally across lineages. Yet 123 

angiosperm lineages frequently exhibit both rapid lineage formation and long-term 124 

persistence across highly heterogeneous and fluctuating environments (Crepet & Niklas 125 

2009; Sauquet & Magallón 2018). This pattern suggests that certain ecological 126 

processes may decouple the relationship between lineage splitting and extinction risk in 127 

angiosperms, thereby supporting sustained diversification over evolutionary timescales. 128 

Identifying the mechanisms that relax this coupling is therefore essential for 129 

understanding long-term macroevolutionary dynamics. 130 

 131 

Pollination as divergence mechanism 132 



8 

 

Lineage splitting in angiosperms arises through multiple ecological and evolutionary 133 

processes, including habitat specialization, geographic isolation, polyploidization, and 134 

biotic interactions (Benton et al., 2022; Ding et al., 2025). Among these, pollination 135 

mutualisms are considered major drivers of reproductive isolation and floral 136 

diversification. Most angiosperms depend on animal-mediated pollination for 137 

reproduction (Ollerton, 2017; Stephens et al., 2023; Tong et al., 2023; Peris et al., 2025), 138 

and palaeobotanical evidence suggests that early flowering plants were likely already 139 

associated with biotic pollination systems (Brundrett, 2002; Peris et al., 2025; Negri & 140 

Toledo, 2025). 141 

Empirical and comparative studies have shown that pollination-related traits 142 

can promote reproductive isolation and lineage splitting through pollinator shifts and 143 

floral divergence (Grant & Grant, 1965; van der Niet et al., 2014; Serrano-Serrano et al., 144 

2017; Barreto et al., 2024; Dorey & Schiestl, 2024). Changes in pollinator behavior and 145 

floral traits can generate assortative pollen transfer and reduce gene flow among 146 

populations, thereby facilitating reproductive divergence (Waser et al., 1996; Chittka et 147 

al., 1999; Muchhala & Potts, 2007; Kay & Sargent, 2009). However, evidence that 148 

pollination alone consistently leads to elevated long-term net diversification remains 149 

mixed (Sargent, 2004; O’Meara et al., 2016; Peris et al., 2025). While pollination 150 

mutualisms can promote lineage splitting, their effects on long-term diversification may 151 

vary depending on ecological context and the degree of specialization. Highly 152 

specialized pollination systems may become sensitive to partner loss and environmental 153 

fluctuations, and may in some cases be associated with elevated lineage turnover rather 154 

than sustained net diversification (Janzen, 1979; Herre et al., 2008; Nee, 2001). Thus, 155 
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associations between pollination specialization and diversification remain 156 

heterogeneous across clades and ecological contexts. These findings suggest that 157 

pollination mutualisms are often more directly associated with lineage splitting, but are 158 

unlikely to fully explain long-term angiosperm diversification in isolation.  159 

 160 

Dispersal and Mycorrhiza as persistence mechanisms 161 

In contrast to pollination mutualisms, which are more consistently associated with 162 

lineage splitting, seed-dispersal and mycorrhizal mutualisms appear to influence 163 

angiosperm diversification mainly by contributing to persistence-related processes. 164 

Approximately 60% of angiosperm species, and most woody plants, depend on biotic 165 

seed dispersal (Yamawo & Ohno, 2024; Jin et al., 2026). Animal-mediated dispersal 166 

promotes persistence by reducing density-dependent mortality near conspecific adults 167 

(Janzen, 1970; Connell, 1971; Comita et al., 2014), increasing spatial spread and 168 

recolonization, and maintaining genetic connectivity among populations (Levin et al., 169 

2003, 2005; Beckman & Sullivan, 2023). By increasing colonization success and 170 

demographic connectivity across heterogeneous landscapes, dispersal may also facilitate 171 

metapopulation persistence and environmental tracking under fluctuating conditions 172 

(Snäll et al., 2005; Sexton et al., 2009; Thompson et al., 2017). Larger and more 173 

connected geographic ranges are generally associated with reduced extinction risk, 174 

suggesting that dispersal-mediated range dynamics can substantially influence long-175 

term lineage survival (Sheth et al., 2020). 176 
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Similarly, arbuscular mycorrhizal (AM) symbioses, which occur in 177 

approximately 72% of angiosperm species (Tedersoo et al., 2020), enhance resource 178 

acquisition, stress tolerance, and seedling establishment, thereby buffering 179 

environmental variability and demographic instability (Peay, 2016; Tedersoo et al., 180 

2020). Such buffering effects may be particularly important in stochastic environments, 181 

where demographic stability and stress tolerance can strongly influence persistence 182 

probabilities over long timescales (Morris et al., 2008; Koons et al., 2009). 183 

Although pollination mutualisms may also contribute to persistence under 184 

some ecological contexts (Johnson et al., 2022), these effects appear highly context 185 

dependent and are often counterbalanced by demographic vulnerability associated with 186 

specialization. In contrast, seed dispersal and mycorrhizal symbioses more consistently 187 

influence processes directly associated with lineage persistence, including establishment 188 

success, spatial stability, and population maintenance. 189 

Evidence that seed dispersal and mycorrhizal mutualisms independently 190 

increase speciation remains limited. Comparative analyses often detect weak or 191 

inconsistent associations between dispersal mode, mycorrhizal type, and diversification 192 

rates across angiosperms (Reginato et al., 2020; Feijen et al., 2018; Jin et al., 2026). 193 

Instead, available evidence suggests that these mutualisms primarily reduce extinction 194 

risk and stabilize lineages after origination rather than directly driving lineage splitting. 195 

Their macroevolutionary significance may therefore lie in maintaining newly diverged 196 

lineages long enough for diversification to accumulate over evolutionary timescales. 197 

Because extinction disproportionately removes newly originated, geographically 198 

restricted, and demographically unstable lineages, even modest increases in persistence 199 
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may substantially alter long-term net diversification trajectories. Comparative and 200 

theoretical studies increasingly suggest that lineage persistence depends strongly on 201 

geographic range dynamics, demographic buffering, and the capacity to track 202 

environmental change across heterogeneous landscapes (Sexton et al., 2009; Hagen et 203 

al., 2018; Sheth et al., 2020). Although most available evidence concerns population-204 

level persistence, these processes are hypothesized to scale up to lineage persistence 205 

over macroevolutionary timescales. 206 

 207 

Integration across lineage bottlenecks 208 

Why individual mutualisms may be insufficient 209 

Diversification depends not only on lineage divergence, but also on lineage persistence. 210 

However, most mutualism-based hypotheses have focused on individual interactions in 211 

isolation. Pollination is often associated with reproductive divergence, whereas seed 212 

dispersal and mycorrhizal symbioses are more frequently linked to establishment 213 

success and persistence. Because different mutualisms influence different components 214 

of diversification, their macroevolutionary consequences cannot be fully understood 215 

when considered separately. This motivates a framework that explicitly links multiple 216 

mutualisms to both lineage divergence and persistence. 217 

 218 

Integration across demographic bottlenecks 219 

Rather than forming a tightly coevolved or discrete biological system, integration arises 220 
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because different mutualisms act on successive ecological and demographic bottlenecks 221 

that jointly determine lineage outcomes. Comparative and phylogenetic evidence 222 

suggests that pollination, seed dispersal, and mycorrhizal symbioses influence distinct 223 

components of angiosperm diversification (Table S1), generating effects that are not 224 

predictable from any single interaction in isolation. 225 

Although pollination, seed dispersal, and mycorrhizal symbioses are discussed 226 

here in terms of their predominant functional roles in lineage divergence and 227 

persistence, we acknowledge that these interactions are not strictly partitioned. Seed 228 

dispersal and mycorrhizal symbioses can also contribute to speciation through processes 229 

such as range fragmentation, ecological differentiation, and local adaptation, whereas 230 

pollination systems may in some cases enhance persistence by stabilizing reproductive 231 

success and buffering demographic stochasticity. However, these effects are generally 232 

context-dependent and appear secondary to their primary roles in shaping diversification 233 

dynamics across successive demographic bottlenecks. This conceptual simplification is 234 

adopted to clarify the predominant functional contributions of each mutualism to 235 

different stages of diversification. 236 

Pollination is primarily associated with reproductive isolation and lineage 237 

splitting through floral divergence and pollinator-mediated assortative mating (Grant & 238 

Grant, 1965; van der Niet et al., 2014; Serrano-Serrano et al., 2017; Barreto et al., 2024; 239 

Dorey & Schiestl, 2024). In contrast, seed dispersal and mycorrhizal symbioses more 240 

strongly influence post-divergence persistence by enhancing spatial expansion, 241 

establishment success, and demographic stability. Seed dispersal reduces extinction risk 242 

by facilitating colonization and metapopulation connectivity (Janzen, 1970; Connell, 243 
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1971; Levin et al., 2003; Beckman & Sullivan, 2023), whereas mycorrhizal symbioses 244 

buffer environmental stress and improve recruitment and survival (Peay, 2016; Tedersoo 245 

et al., 2020). Because establishment success depends on both dispersal and 246 

belowground symbiosis, these interactions jointly stabilize newly diverged lineages 247 

during vulnerable post-divergence stages. Evidence that birds can collectively disperse 248 

plant diaspores and mycorrhizal fungal propagules further suggests that these 249 

interactions may sometimes operate in coordinated persistence systems (Correia et al., 250 

2019). 251 

Together, these mutualisms define a sequential filtering process in which 252 

pollination generates lineage divergence, while seed dispersal and mycorrhizal 253 

symbioses determine whether diverged lineages persist. Without these persistence-254 

enhancing processes, many newly formed lineages would remain demographically 255 

fragile and prone to extinction despite successful divergence. 256 

 257 

Functionally Integrated Symbiotic System hypothesis 258 

The evidence above indicates that angiosperm diversification cannot be fully explained 259 

by any single mutualism in isolation. Instead, diversification dynamics emerge from 260 

how multiple mutualisms influence distinct stages of lineage formation and persistence 261 

across ecological scales. 262 

Here, I propose the Functionally Integrated Symbiotic System (FISS) 263 

hypothesis as a conceptual framework describing how multiple mutualisms may 264 

collectively contribute to lineage divergence and persistence across ecological scales. 265 
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FISS is not a hypothesis about individual mutualisms, but about the organization of 266 

multiple mutualisms across successive stages of lineage formation and persistence. 267 

Importantly, FISS is not simply the co-occurrence of multiple mutualisms within a 268 

lineage, nor is it a coordinated interaction network in which mutualisms evolve as a 269 

single integrated unit. Instead, FISS refers to a functional organization in which 270 

different mutualisms disproportionately influence different stages of lineage formation 271 

and persistence. FISS does not assume coordinated coevolution, obligate interactions, or 272 

a discrete biological system. Rather, it describes a functional organization in which 273 

distinct mutualisms operate across successive demographic and ecological bottlenecks 274 

associated with lineage divergence and persistence. Within this framework, mutualisms 275 

are defined by their functional contributions to diversification dynamics rather than by 276 

their taxonomic identity. Pollination is more frequently associated with lineage splitting 277 

through reproductive isolation, whereas seed dispersal and mycorrhizal symbioses 278 

primarily enhance persistence by stabilizing establishment, survival, and spatial 279 

expansion. Diversification may therefore reflect not only lineage generation but also the 280 

filtering of lineages through persistence constraints. The central premise of FISS is that 281 

diversification outcomes depend not only on the presence of multiple mutualisms, but 282 

also on how their functions are organized across successive stages of lineage formation 283 

and persistence. FISS does not require either specialized or obligate interactions. Both 284 

specialized and generalized interactions may contribute when they influence distinct 285 

demographic or ecological bottlenecks associated with lineage divergence and 286 

persistence. These differences should therefore be viewed as variations in degree rather 287 

than discrete categories. 288 
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The influence of FISS is expected to vary among clades and environments, 289 

depending on ecological context and evolutionary history. Fossil and phylogenetic 290 

evidence suggests that diversification in pollinating insects, seed-dispersing animals, 291 

and mycorrhizal fungi broadly coincided with angiosperm diversification (Grimaldi & 292 

Engel, 2005; Condamine et al., 2016; Gómez & Verdú, 2012; Onstein et al., 2017; Peris 293 

& Condamine, 2024), consistent with long-term reciprocal diversification dynamics. 294 

Although largely correlational, these patterns provide a plausible evolutionary context 295 

for interaction-mediated macroevolutionary processes. These processes operate 296 

alongside abiotic change, genomic innovation, and ecological opportunity. However, 297 

their key role is to reduce the coupling between lineage divergence and extinction 298 

vulnerability. By increasing the probability that newly diverged lineages persist through 299 

post-divergence bottlenecks, FISS provides a conceptual framework linking multiple 300 

mutualisms to long-term macroevolutionary diversification (Figure 1: Box 1). FISS 301 

should therefore be viewed primarily as an organizational hypothesis that provides a 302 

framework for interpreting how multiple mutualisms may collectively influence 303 

diversification-related processes, rather than as a discrete evolutionary mechanism or a 304 

self-contained causal explanation of diversification. 305 

 306 

Predictions and Future Directions 307 

If diversification depends on passage through successive lineage bottlenecks, several 308 

testable predictions follow. 309 

First, diversification may be better explained by configurations of mutualistic 310 
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interactions than by any single mutualism alone. Because pollination, seed dispersal, 311 

and mycorrhizal symbioses influence different components of diversification, models 312 

incorporating combinations of these interactions are expected to show higher 313 

explanatory performance than single-mutualism models in accounting for angiosperm 314 

diversification patterns (Hodges et al., 1995; Tiffney & Mazer, 1995; Tedersoo et al., 315 

2020; Benton et al., 2022). This reflects their distinct roles in reproductive divergence, 316 

establishment success, and lineage persistence. 317 

Second, diversification may be higher when divergence-promoting and 318 

persistence-promoting mutualisms co-occur. Pollination-driven lineage splitting alone 319 

may not consistently lead to elevated long-term diversification unless accompanied by 320 

mechanisms that enhance persistence. In contrast, lineages combining reproductive 321 

isolation with effective seed dispersal and mycorrhizal symbioses are expected to show 322 

higher net diversification over macroevolutionary timescales (Levin et al., 2003; 323 

Beckman & Sullivan, 2023; Peay, 2016; Tedersoo et al., 2020). Such lineages lacking 324 

persistence-promoting mutualisms are instead expected to experience higher extinction 325 

risk and evolutionary turnover (Howe & Smallwood, 1982). 326 

Third, specific combinations of pollination mode, seed dispersal strategy, and 327 

mycorrhizal association may be overrepresented among species-rich angiosperm clades. 328 

Interaction architectures that jointly enhance reproductive isolation, colonization 329 

capacity, and environmental buffering are expected to shape extant diversity patterns. 330 

This expectation is consistent with evidence that biotic pollination, biotic seed dispersal, 331 

and arbuscular mycorrhizal associations are common among extant tree species and 332 

become increasingly dominant toward lower latitudes (Yamawo & Ohno, 2024). 333 
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These predictions can be evaluated by examining whether transitions among 334 

alternative interaction-system architectures are associated with shifts in diversification 335 

dynamics. Comparative analyses suggest that transitions among arbuscular (AM), 336 

ectomycorrhizal (EcM), ericoid (ErM), and orchid mycorrhizal (OM) systems may 337 

correspond to distinct diversification trajectories (Cairney & Meharg, 2003; Tedersoo & 338 

Smith, 2013; Givnish et al., 2015). 339 

Orchids may provide a clear illustrative example, as their combination of 340 

specialized pollination, wind dispersal, and orchid mycorrhizal symbioses is associated 341 

with rapid diversification and elevated turnover in epiphytic lineages (Gamisch & 342 

Comes, 2019; Pérez‐Escobar et al., 2024). By framing diversification as the outcome of 343 

multiple mutualisms operating across successive demographic and ecological 344 

bottlenecks, the FISS hypothesis provides a structured framework for evaluating how 345 

interaction-system architectures may shape macroevolutionary dynamics across 346 

angiosperms. 347 

 348 

 349 

Evolutionary assembly and temporal dynamics of FISS 350 

Growing evidence suggests that major plant mutualisms have not evolved 351 

independently but are instead linked through recurrent evolutionary associations among 352 

belowground and aboveground interactions. From the perspective of the Functionally 353 

Integrated Symbiotic System (FISS) framework, the evolutionary history of 354 

angiosperms can therefore be viewed not as a sequence of independent mutualistic 355 
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innovations, but as a process shaped by the progressive accumulation and functional 356 

complementarity of multiple mutualisms (Figure 2). 357 

Arbuscular mycorrhizal symbioses originated early in land plant evolution, 358 

likely during initial terrestrialization (Remy et al., 1994; Brundrett, 2002; Strullu-359 

Derrien et al., 2018). Angiosperms later emerged and early lineages were already 360 

associated with biotic pollination (Stephens et al., 2023). Subsequently, animal-361 

mediated seed dispersal expanded, accompanied by increased prevalence of fleshy fruits 362 

and frugivory (Tiffney & Mazer, 1995; Eriksson et al., 2000; Jin et al., 2026). This 363 

stepwise accumulation of mutualisms may have progressively expanded the ecological 364 

and evolutionary conditions under which angiosperm lineages could persist and 365 

diversify. 366 

This framework may also help explain the decoupling between the origin of 367 

biotic pollination and the later rise in angiosperm diversification rates (Benton et al., 368 

2022; Ding et al., 2025). Although pollination mutualisms originated early, elevated net 369 

diversification is mainly observed later in angiosperm evolution (Benton et al., 2022; 370 

Ding et al., 2025). Pollination alone may therefore not have been sufficient to sustain 371 

long-term diversification unless coupled with mutualisms associated with persistence-372 

related processes operating across later lineage bottlenecks. The subsequent expansion 373 

of seed dispersal mechanisms may have increased the probability that newly diverged 374 

lineages persisted across heterogeneous and fluctuating environments. 375 

Major phases of angiosperm radiation can thus be interpreted not as outcomes 376 

of isolated innovations, but as the result of increasingly complementary mutualistic 377 
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interactions acting across lineage formation and persistence. This interpretation remains 378 

provisional, yet it provides a broader organizational perspective for understanding long-379 

term diversification dynamics in angiosperms. These historical associations remain 380 

largely correlational and do not demonstrate coordinated macroevolutionary dynamics. 381 

Future work integrating phylogenetic comparative methods and fossil evidence will be 382 

necessary to test whether and how mutualistic interactions have shaped diversification 383 

and persistence across macroevolutionary timescales. 384 

 385 

Conclusion 386 

The extraordinary diversification of angiosperms remains one of the central questions in 387 

evolutionary biology. While pollination, seed dispersal, and mycorrhizal symbiosis have 388 

each been linked to diversification, their evolutionary consequences are typically 389 

considered independently. Here, we propose the Functionally Integrated Symbiotic 390 

System (FISS) hypothesis, which suggests that diversification may depend on the 391 

complementary effects of multiple mutualisms acting across different stages of lineage 392 

formation and persistence. 393 

Within this framework, pollination is more frequently associated with lineage 394 

divergence, whereas seed dispersal and mycorrhizal symbiosis are more often 395 

associated with establishment success, environmental tolerance, and lineage persistence. 396 

The FISS framework proposes that functional integration may arise because these 397 

interactions influence different demographic and ecological bottlenecks across the plant 398 

life cycle, collectively reducing the coupling between lineage divergence and extinction 399 
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vulnerability. The value of the FISS framework lies not in identifying additional 400 

mutualisms, but in providing an organizational perspective that links complementary 401 

mutualistic functions to distinct stages of lineage divergence and persistence. Testing 402 

this hypothesis may provide a new perspective on the evolutionary success of flowering 403 

plants and the broader role of ecological interactions in macroevolution. More broadly, 404 

the FISS framework suggests that diversification may emerge from the functional 405 

organization of interactions acting across successive stages of lineage formation and 406 

persistence, a possibility that could extend beyond plant mutualisms to other complex 407 

ecological systems. Future comparative analyses of mutualistic configurations across 408 

lineages may help determine whether diversification is better explained by individual 409 

mutualisms or by their functional organization within lineages. 410 

 411 
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 603 

 604 

Figure 1. The Functionally Integrated Symbiotic System (FISS) hypothesis as a 605 

conceptual framework of complementary mutualisms 606 

Conceptual illustration of the FISS hypothesis, in which angiosperm diversification may 607 

reflect the combined and partially complementary influences of mycorrhizal symbioses, 608 

pollination, and seed dispersal across different stages of lineage divergence and 609 

persistence. Solid arrows represent hypothesized associations between mutualisms and 610 

diversification-related processes, whereas dashed arrows indicate potential ecological 611 

associations among interactions. These arrows indicate hypothesized tendencies rather 612 

than demonstrated causal effects. Labels on dashed arrows denote representative 613 
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ecological processes (e.g., environmental buffering, establishment facilitation, and 614 

negative density dependence, NDD). The framework emphasizes that long-term 615 

diversification dynamics may depend on the complementary functions performed by 616 

multiple mutualisms rather than on the isolated effects of any single interaction. Unlike 617 

ecological syndromes that describe recurring combinations of traits or interactions, the 618 

FISS framework focuses on how different mutualisms contribute to distinct but 619 

complementary processes of lineage divergence and persistence. Accordingly, FISS is 620 

presented as a conceptual framework for organizing potential macroevolutionary 621 

influences of multiple mutualisms rather than as a coordinated interaction network, a 622 

discrete evolutionary unit, or an independently operating causal mechanism (Box 1). 623 

  624 
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 625 

Figure 2. Conceptual illustration of alternative mutualistic configurations within 626 

the Functionally Integrated Symbiotic Systems (FISS) framework. 627 

The figure illustrates how combinations of mycorrhizal symbioses, pollination, and 628 

seed-dispersal mutualisms may contribute to complementary processes of lineage 629 

divergence and persistence during angiosperm evolution. Interaction configurations are 630 

defined by combinations of mycorrhizal association, pollination mode, and seed-631 

dispersal mode (listed in this order). The AM–biotic pollination–biotic seed dispersal 632 

configuration is presented as a representative example of a mutualistic configuration 633 

potentially associated with complementary diversification-related processes, whereas 634 

EcM-dominated, ErM-dominated, and orchid mycorrhizal (OM)-dominated 635 

configurations represent alternative interaction configurations that may be associated 636 

with different diversification tendencies (Table 1). Orchid OMF- and OMC-dominated 637 

configurations represent conceptual understory and canopy orchid systems, respectively. 638 
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Connections among configurations are included solely to illustrate potential transitions 639 

among alternative mutualistic configurations within the FISS framework and should not 640 

be interpreted as reconstructed evolutionary pathways or direct evidence of historical 641 

evolutionary relationships. 642 

 643 



33 

 

Table 1. Hypothetical examples of how alternative combinations of mutualisms may differentially influence lineage divergence and 644 

persistence. Interaction combinations shown here are intended as illustrative conceptual hypotheses rather than discrete empirical 645 

categories or quantitative predictions. Diversification tendencies are simplified representations of hypothesized ecological and 646 

evolutionary tendencies, and substantial variation is expected across lineages and environmental contexts. Interaction contexts are 647 

simplified and not mutually exclusive. 648 

Interaction context 

Primary pollination 

mode 

Seed 

dispersal 

mode 

Mycorrhizal 

association 

Hypothesized macroevolutionary outcome 

Canonical angiosperm 

mutualism 

configuration 

Biotic pollination 
Animal-

mediated 
Arbuscular mycorrhiza 

May promote lineage persistence through 

enhanced establishment, demographic buffering, 

and spatial spread. 
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Interaction context 

Primary pollination 

mode 

Seed 

dispersal 

mode 

Mycorrhizal 

association 

Hypothesized macroevolutionary outcome 

Ectomycorrhizal 

(EcM)-dominated 

configuration 

Predominantly wind 

pollination 

Gravity and 

wind 
Ectomycorrhiza 

May favor persistence and environmental tolerance 

more strongly than rapid lineage divergence. 

Ericoid mycorrhizal 

(ErM)-dominated 

configuration 

Biotic pollination 

(mainly insects) 

Gravity- or 

animal-

mediated 

Ericoid mycorrhiza 

May promote reproductive divergence under 

strong nutrient limitation, while persistence could 

be facilitated by specialized nutrient-acquisition 

strategies and tolerance to stressful environments. 

Orchid OMF 

understory-dominated 

configuration 

Reduced or highly 

specialized biotic 

Wind or 

animal-

mediated 

Orchid mycorrhiza 

(Basidiomycota; often 

Specialized pollination and ecological 

specialization may be associated with elevated 

lineage divergence, whereas strong symbiotic 
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Interaction context 

Primary pollination 

mode 

Seed 

dispersal 

mode 

Mycorrhizal 

association 

Hypothesized macroevolutionary outcome 

pollination (often 

Hymenoptera) 

linked to EcM 

networks) 

dependence and demographic sensitivity could 

increase vulnerability to lineage loss and turnover. 

Orchid OMC 

epiphytic canopy-

dominated 

configuration 

Highly specialized 

biotic pollination 

(often Hymenoptera) 

Wind 

dispersal 

Orchid mycorrhiza 

(Basidiomycota; weak 

or no soil EcM 

connection) 

Strong reproductive isolation and ecological 

opportunity potentially contribute to elevated 

lineage turnover, although dependence on 

specialized ecological conditions could also 

increase environmental and demographic 

vulnerability. 

 649 

  650 
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Table S1. Illustrative conceptual summary of the hypothesized macroevolutionary influences of major plant mutualisms. The 651 

relationships summarized here are intended as conceptual syntheses rather than quantitative estimates or discrete empirical 652 

classifications. Reported influences are expected to vary substantially across lineages, environments, and interaction contexts. 653 

Mutualistic 

interaction 

Primary 

ecological 

function 

Primary 

macroevolutionary 

tendency 

Potential 

influence on 

lineage 

divergence 

Potential 

influence on 

lineage 

persistence 

Representative 

mechanisms 

Representative 

references 

Pollination 

mutualisms 

Pollen transfer 

and mate 

choice 

Reproductive 

divergence 

Often 

associated with 

elevated 

lineage 

divergence 

through 

pollinator-

Variable and 

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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mediated 

assortative 

mating and 

floral 

specialization 

Seed 

dispersal 

Spatial 

redistribution 

of offspring 

Lineage 

persistence 

May indirectly 

contribute to 

divergence 

through range 

expansion and 

spatial isolation 

Often 

associated with 

enhanced 

persistence 

through 

demographic 

buffering and 

reduced density 

dependence 

Reduced 

density-

dependent 

mortality; range 

expansion; 

demographic 

buffering; 

genetic 

connectivity 

Seidler & 

Plotkin 2006; 

Beckman & 

Sullivan 

(2023) 
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Mycorrhizal 

symbioses 

(AM) 

Nutrient 

acquisition 

and stress 

buffering 

Persistence and 

ecological 

expansion 

Variable; may 

facilitate 

ecological 

divergence 

through niche 

expansion and 

habitat 

colonization 

Often 

associated with 

enhanced 

establishment, 

environmental 

tolerance, and 

persistence 

Improved 

seedling 

establishment; 

resource 

partitioning; 

enhanced 

reproductive 

allocation; niche 

expansion 

Tedersoo et al. 

(2020) 

Functionally 

Integrated 

Symbiotic 

System 

Combined 

influences of 

pollination, 

dispersal, and 

mycorrhizal 

Integrated control 

of divergence and 

persistence 

processes 

Complementary 

influences on 

reproductive 

isolation and 

ecological 

Complementary 

influences on 

establishment, 

buffering, and 

long-term 

Functional 

complementarity 

across different 

stages of lineage 

formation and 

This 

framework 
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symbioses divergence persistence persistence 

654 
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Box 1. The proposed Functionally Integrated Symbiotic System (FISS): an 655 

organizational hypothesis for diversification 656 

Why a new framework? 657 

Existing mutualism research has primarily focused on the evolutionary consequences of 658 

individual interaction types. FISS differs by proposing that diversification may depend 659 

on the complementary contributions of multiple mutualisms acting across distinct 660 

demographic and ecological bottlenecks. The framework therefore shifts the unit of 661 

explanation from individual mutualisms to the functional organization of multiple 662 

mutualisms within lineages. 663 

 664 

Core conceptual features 665 

The Functionally Integrated Symbiotic System (FISS) describes a conceptual 666 

framework in which multiple mutualisms influence distinct stages of lineage formation 667 

and persistence, thereby decoupling lineage divergence from extinction vulnerability. 668 

Rather than arising from individual traits or isolated interactions, diversification is 669 

proposed to emerge from the combined effects of pollination, seed dispersal, and 670 

mycorrhizal symbioses operating across life-history stages and spatial scales. 671 

 672 

Reduced coupling between lineage divergence and persistence processes 673 

Processes promoting lineage divergence and those associated with persistence often 674 

operate on different components of the life cycle and across different spatial and 675 

temporal scales. Reproductive processes governing mating and gene flow are frequently 676 



41 

 

separated from those controlling establishment, survival, and resource acquisition. This 677 

separation may weaken the coupling between lineage splitting and extinction risk, 678 

allowing diversification to proceed without a proportional increase in vulnerability. 679 

 680 

Asymmetric functional contributions of mutualisms 681 

Within this framework, mutualisms contribute asymmetrically to diversification 682 

dynamics. Pollination is more consistently associated with processes promoting lineage 683 

divergence, whereas seed dispersal and mycorrhizal symbioses more strongly enhance 684 

persistence through demographic buffering, environmental tolerance, and establishment 685 

success. This asymmetry reflects functional complementarity among interactions rather 686 

than equivalent or additive effects on plant fitness. 687 

 688 

Complementary mechanisms of persistence 689 

Persistence over macroevolutionary timescales may be enhanced when multiple 690 

mutualisms jointly reduce extinction vulnerability through partially complementary 691 

ecological effects. By acting on different demographic and ecological bottlenecks, seed 692 

dispersal and mycorrhizal symbioses may promote spatial buffering, demographic 693 

stabilization, and environmental tolerance, increasing the likelihood that newly diverged 694 

lineages persist through vulnerable post-divergence stages. 695 

 696 

Dependence on interaction configuration 697 
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Diversification outcomes depend not only on the presence of multiple mutualisms, but 698 

also on how they are combined across ecological contexts. Different configurations of 699 

pollination, seed dispersal, and mycorrhizal associations may therefore generate distinct 700 

macroevolutionary trajectories, suggesting that similar interaction components can yield 701 

different outcomes depending on their functional organization (Table 1). 702 

 703 

Distinction from ecological syndromes 704 

The FISS framework differs from classical ecological and evolutionary syndromes. 705 

Syndromes typically describe recurrent trait or interaction combinations that co-occur 706 

within lineages, such as pollination or dispersal syndromes. In contrast, FISS 707 

emphasizes the complementary functional roles of mutualisms in shaping 708 

macroevolutionary processes. Its central prediction is not the co-occurrence of specific 709 

interactions, but that interactions contributing to divergence and those contributing to 710 

persistence jointly structure long-term diversification outcomes. FISS is therefore a 711 

functional, process-oriented framework rather than a descriptive classification of trait 712 

combinations. 713 

Under this perspective, FISS is best understood not as a single mechanism or 714 

discrete evolutionary system, but as a conceptual framework describing how multiple 715 

mutualisms may collectively contribute to lineage divergence and persistence across 716 

stages of lineage formation and diversification. 717 

 718 
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