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RESUMO 

 

A ambofilia, um sistema misto de polinização que combina a ação do vento e animais para a 

polinização, vem sendo negligenciada nos estudos de polinização. A distribuição taxonômica e 

geográfica da ambofilia e os atributos florais e da planta associados ao sistema ainda não foram 

acessados para um conjunto de espécies. A contribuição relativa dos componentes de 

polinização, biótico e abiótico, também não foi acessada. Foram conduzidas uma revisão 

sistemática global e uma meta-análise de espécies ambófilas para estimar a contribuição dos 

componentes de polinização no sucesso reprodutivo. Foram identificadas 71 espécies com 

potencial ambófilo na revisão, que são distribuídas em zonas tropicais e temperadas no globo. 

Um grupo de 46 espécies foi incluso na meta-análise, em que 44% são de espécies 

consistentemente ambófilas, associadas a flores actinomorfas e sistemas entomófilos 

generalistas de polinização. Os 56% restantes são casos em que as espécies foram consideradas 

funcionalmente anemófilas. A ambofilia pode ser considerada um sistema de generalização 

mais amplo por combinar insetos e vento como vetores de pólen, sendo o vento o agente mais 

comum e confiável quando os polinizadores são insuficientes. 

 

Palavras-chave: ambofilia, polinização generalista, anemofilia, entomofilia, sistemas de 

polinização, interação planta-polinizador, polinização generalista, simetria floral, sistemas 

bimodais, sucesso reprodutivo. 
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ABSTRACT 

 

The study of ambophily, a mixed pollination system in which plants depend on both biotic and 

abiotic pollen vectors, has been neglected. The taxonomic and geographic distributions of 

ambophily and the associated plant traits have not yet been assessed for a large set of species. 

The contributions of biotic and abiotic pollination components to reproductive success likewise 

require assessment. We conducted a global systematic review with a meta-analysis of 

ambophilous species to estimate the contribution of each pollen vector to their reproductive 

success. We identified 71 cases of potentially ambophilous species, which are widely 

distributed in tropical and temperate biomes across the globe. A subset of 46 species was 

included in the meta-analyses. About 44% of the cases were consistently ambophilous species, 

i.e., higher fruit set with combined biotic (mainly insects) and abiotic (wind) contributions than 

with only one vector. Actinomorphic flowers and functionally generalist pollination systems in 

the biotic component were associated with consistent ambophily. The remaining 56% of cases 

were considered functionally wind-pollinated species, because the total contribution of vectors 

was not significantly greater than the abiotic contribution alone. Consistently ambophilous 

species were associated with actinomorphic flowers, insect generalist systems, lower mean 

temperatures, and lower precipitation. Ambophily can be considered a broader case of 

generalist pollination systems because of the combination of wind and several insect species, 

since wind is a reliable pollen vector when pollinators are insufficient.  

Key words: ambophily, generalist pollination, wind pollination, entomophily, pollination 

system, plant-pollinator interaction, bimodal pollination, reproductive assurance, floral 

symmetry, insect pollination. 
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INTRODUÇÃO GERAL 

 

A polinização é um processo chave na reprodução e manutenção das espécies de angiospermas, 

caracterizado pela transferência de pólen entre flores (Jordano et al. 2003; Ollerton et al. 2007). 

O estudo da polinização subsidia o entendimento da ecologia e evolução das angiospermas, 

tendo influência em estudos de sistemática, conservação e dinâmica de comunidades (Lever et 

al. 2014; Arceo-Gómez et al. 2020). A maioria das angiospermas e uma parcela das 

gimnospermas utilizam espécies de invertebrados e vertebrados como mediadores do transporte 

de pólen, envolvendo sinais e recompensas florais (Ollerton et al. 2011; Ollerton, 2017). Em 

menor proporção, agentes abióticos também atuam como polinizadores, sendo que a 

polinização pelo vento ocorre em aproximadamente 18% das famílias de espermatófitas e em 

12% das espécies de angiospermas (Ackerman, 2000; Ollerton et al. 2011).  

Os estudos de biologia da polinização têm se concentrado em sistemas especializados 

(por exemplo, sistemas compostos por agentes pertencentes a um grupo taxonômico/funcional 

de polinizadores), enquanto outros sistemas, como a ambofilia, têm pouca representação na 

literatura (Culley et al. 2002; Timerman & Barrett, 2020). A ambofilia pode ser caracterizada 

como um sistema misto composto por dois componentes, biótico e abiótico. Na única revisão 

de literatura no tema, a ambofilia foi registrada para apenas 15 espécies de sete famílias de 

angiospermas (Culley et al. 2002). A ambofilia pode ser derivada de clados entomófilos e 

anemófilos  e é incerto se é um sistema estável ou um sistema de transição entre o gradiente 

entomofilia-anemofilia (Culley et al. 2002; Friedman & Barrett, 2008; Timerman & Barrett, 

2020).  

Espécies polinizadas por animais e pelo vento têm morfologia que se diferenciam 

expressivamente , mesmo se pertencentes ao mesmo grupo taxonômico (Welsford et al. 2014, 

2016). Na polinização por animais, são associadas espécies com corola chamativa e presença 

de odor e néctar, por exemplo (Raguso, 2004; Ollerton et al. 2011; Schiestl and Johnson, 2013). 

Já as anemófilas estão associadas a espécies dioicas com flores pequenas com anteras expostas 

e estigmas plumosos (Friedman and Barrett, 2009; Rech et al. 2014). Além da morfologia, os 

sistemas de polinização anemófilo e zoófilo são associados a diferentes escalas ambientais 

(Rech et al. 2016). A polinização por animais é esperada ser mais comum em ambientes 

tropicais, devido à diversidade de animais polinizadores, e fechados/florestais (Wragg & 

Johnson, 2011; Ollerton, 2017). Já a polinização pelo vento é associada a ambientes de altas 

altitudes e abertos (Regal, 1982; Rech et al., 2016). 
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A ambofilia é esperada como resposta à limitação de polinizadores e/ou mudanças no 

ambiente que afetem o transporte pelo vento (Culley et al. 2002). Esses fatores levam à 

deficiência no recebimento de pólen ou na qualidade do pólen recebido (i.e., limitação polínica), 

o que implica na redução das medidas sucesso reprodutivo, principalmente de fecundidade 

feminina (Ashman et al. 2004; Bennett et al. 2018). Em sistemas de polinização em que há 

limitação polínica, é esperado que haja seleção de estratégias evolutivas que mitiguem a baixa 

frequência e/ou qualidade da transferência de pólen. Essas estratégias podem indicar processos 

de autofertilização, mudança no grau de especialização-generalização do sistema ou mudança 

no próprio sistema de polinização. Assim como a ambofilia, sistemas generalistas de 

polinização também são entendidos como resposta a cenários de polinização variável (Waser 

et al. 1996; Ollerton et al. 2011).  Sistemas generalistas podem usar uma variedade de grupos 

funcionais e taxonômicos de polinizadores para garantir o sucesso reprodutivo. Para mediar 

essa interação, é esperado que espécies generalistas possuam atributos que facilitem o acesso 

de diferentes tipos de polinizadores até as estruturas reprodutivas (Yoder et al. 2020). Em 

sistemas generalistas entomófilos, são esperadas flores pequenas, abertas e com pouca 

quantidade de néctar (Moreira & Freitas, 2020). Por serem entendidos como respostas a 

limitação de polinizadores, é possível que o fenótipo final de espécies ambófilas seja 

semelhante ao encontrado em sistemas generalistas e que os dois sistemas sejam interligados.  

Por possuir componentes de polinização notavelmente diferentes, é esperado que haja 

diferença na contribuição dos dois vetores de polinização no sucesso reprodutivo dessas 

espécies (q.v. Stebbins, 1970). Apesar das taxas de limitação polínica serem maiores em 

espécies zoófilas, a polinização por animais é considerada mais efetiva e direcionada, devido, 

por exemplo, à menor razão pólen-óvulo e à presença de sinais e recursos florais nas flores 

zoófilas (Raguso, 2004; Pellmyr et al. 2020). Entretanto, não foi produzida uma estimativa do 

conjunto de espécies ambófilas descritas desde Culley et al. (2002). 

A meta-análise é uma ferramenta amplamente usada para entender a magnitude de 

processos biológicos, inclusive na biologia vegetal (Wolowski et al, 2014; Zhang et al, 2021). 

Além disso, a literatura acumulada por 18 anos desde a última revisão sobre o tema, junto aos 

avanços conceituais e instrumentais na biologia da polinização, favorece o avanço no 

entendimento das lacunas do conhecimento sobre a ambofilia. Para tal, foi proposta uma revisão 

sistemática e meta-análise do sucesso reprodutivo das espécies ambófilas em escala global, com 

objetivo de atualizar o estado da arte acerca de sistemas ambófilos, identificar padrões 

geográficos e frequências nos atributos florais e verificar as estimativas de contribuição dos 

componentes de polinização das espécies ambófilas registradas.  
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ARTIGO CIENTÍFICO 

 

Meta-analysis of biotic vs. abiotic pollination in ambophilous species 

 

 

 

Introduction 

Pollination is an essential ecological process that influences plant reproduction and the structure 

and dynamics of plant-pollinator communities (Ollerton et al., 2007; Lever et al., 2014; Arceo-

Gómez et al., 2020). Most angiosperms and a few gymnosperms are pollinated by animals 

(Ollerton et al., 2011; Schiestl and Johnson, 2013), while wind pollination occurs in about 

12.5% of angiosperms and is dominant in gymnosperms (Lu et al., 2011; Ollerton et al., 2011). 

Pollination by animals or by wind is associated with distinct floral phenotypes (Friedman and 

Barrett, 2009; Ollerton et al., 2011). However, some plant species are pollinated by both 

animals and wind, and scarcely represented in the literature (Norman et al., 1997; Culley et al., 

2002; Friedman and Barrett, 2009; Timerman and Barrett, 2020). These cases are examples of 

ambophily, defined as a mixed pollination system composed of biotic and abiotic components 

(Norman et al., 1997; Culley et al., 2002). Ambophily is hypothesized to be a response to the 

limitation of pollinators and/or changes in the environment that affect pollen transport by wind 

(Culley et al., 2002). Deficiencies in the amount or quality of pollen received by flowers (i.e., 

pollen limitation) are widespread among angiosperms and reduce reproductive success, 

especially through the female function (Ashman et al., 2004; Bennett et al., 2018). In scenarios 

involving pollen limitation, evolutionary strategies that mitigate the negative effects of low 

frequency and/or quality of pollen receipt, such as selfing or shifts in the pollination system, 

are expected to be favored (Harder and Aizen, 2010). These strategies include possible shifts 

from zoophilous systems toward ambophilous or anemophilous systems (Fig. 1). Generalist 

pollination systems (pollination by several functional groups of animals) are also hypothesized 

Autores: Danilo Alves de Carvalho, Pedro Joaquim Bergamo, 
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16 
 

to be responses to unpredictable pollination environments (Waser et al., 1996; Ollerton, 2017). 

Therefore, selection of floral traits associated with generalist pollination systems in 

ambophilous species is expected. However, floral attributes have not yet been assessed for a 

large set of species described as ambophilous. 

 It is uncertain if ambophily is a stable system selected because of its flexibility in a 

scenario of pollen limitation or is a transitional stage between the zoophily-anemophily gradient 

(Culley et al., 2002; Friedman and Barrett, 2009; Timerman and Barrett, 2020). Ambophily 

may also represent a particular bimodal system, because ambophilous species can interact with 

pollen vectors of markedly different natures (biotic and abiotic). Therefore, ambophilous 

species are expected to exhibit distinctive traits that attract pollinators and allow interaction 

with wind at the same time (Friedman and Barrett, 2009; Ollerton et al., 2011; Rech et al., 

2016). Animal-pollinated species commonly have flowers with showy floral parts, odors, and 

resources such as nectar (Raguso, 2004; Schiestl and Johnson, 2013). In contrast, wind-

pollinated species are associated with dioecy and small flowers with a reduced or absent 

perianth (Friedman and Barrett, 2009; Rech et al., 2014). These two systems have distinct 

ecogeographical patterns: pollination by wind is favored in high-altitude, open, temperate 

environments, whereas pollination by animals is favored in tropical, dense, forested 

environments (Wragg and Johnson, 2011; Rech et al., 2016). 

 Because ambophilous species interact with two strikingly different pollination vectors, 

one of the components (biotic or abiotic) is expected to be more effective for plant reproduction 

(the most effective pollinator principle, Stebbins, 1970). Although animals are considered to 

be more effective pollinators than wind (e.g., lower pollen/ovule ratio, Pellmyr et al., 2020), 

pollen limitation may be more frequent in animal-pollinated than in wind-pollinated species 

(e.g., Ashman et al., 2004; Friedman and Barrett, 2009). However, the relative contributions of 

biotic and abiotic components to the reproductive success of a large group of ambophilous 
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species have yet to be assessed. In only previous review of ambophily recorded 15 species 

belonging to seven families of angiosperms (Culley et al., 2002). Thus, it is unclear which 

component (biotic vs. abiotic) is more effective and the traits or conditions that may favor one 

component over the other in ambophilous species. The increase in studies on ambophilous 

species in the last two decades, together with conceptual and instrumental advances in 

pollination biology, have provided sufficient information to identify general patterns and better 

understand ambophily. In this study, we summarize the present state of knowledge of 

ambophily and estimate the relative contributions of biotic and abiotic components to plant 

reproductive success. We assessed the occurrence of ambophilous species through a systematic 

review, and the magnitudes of biotic and abiotic contributions through a meta-analysis. We also 

tested for a phylogenetic signal in the contributions of biotic and abiotic components. Besides 

that, we tested if the reproductive cycle (perennial or annual), mating system (self-compatible 

or self-incompatible), sexual system (hermaphroditic, monoecious, or monoecious), floral 

symmetry (actinomorphic or zygomorphic) and presence of a perianth (present or absent), 

climatic zone (tropical or extratropical), and pollination system (generalist or specialist) might 

explain the variations in the contributions of biotic and abiotic components. 

 

Methods 

Systematic Review and Data Coding 

We conducted a systematic review of published studies, using the databases Web of Science 

(ISI-WoS), SciVerse Scopus, Scientific Electronic Library Online (SciELO), and Google 

Scholar. We used the key words “ambophil*” and “ambiphil*” (search 1 and 2; Côté et al., 

2013), including papers published between 1985 and April 2020, resulting in 398 published 

studies (88 studies were found in more than one database). We also included published studies 

and academic theses from the authors’ personal libraries (9). From the unique entries (301), we 
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screened the titles, abstracts, and main text for studies that tested species with simultaneous 

animal and wind pollination. Studies that classified species based on floral morphology, 

phylogenetic relationships, or simply tested for ambophily but reported a non-ambophilous 

system were excluded. In total, 47 published studies encompassing 71 species met our criteria 

(46 published papers and one PhD thesis). 

 For each study, we extracted the following data: (a) year of publication, (b) geographic 

and climatic zone, and (c) pollination experimental method. Specifically, the pollination 

experimental methodology was divided into two categories: bagging experiments and sampling 

of airborne pollen. For each study site we extracted the geographic coordinates and altitude. If 

the geographic coordinates were not available, we extracted the data using Google Earth® 

based on the location description. We used the geographic data to assess bioclimatic variables 

(mean annual temperature and mean annual precipitation) using WorldClim 1.4 (Hijmans et 

al., 2005), when these data were not provided. We then classified the study sites, using the 

terrestrial biomes described by Whittaker (1961) and dividing them into tropical and extra-

tropical regions. All taxonomic nomenclature was checked with the Taxonstand R package. 

 In addition to the data extracted from the papers, morphological and ecological 

attributes were obtained, primarily from the original publication, or, if not available, using 

taxonomic databases (e.g., World Checklist of Selected Plant Families), regional or national 

floras (e.g., Flora do Brasil, 2020) and papers on taxonomy. The following attributes were 

recorded: i. sexual system (dioecious, monoecious with unisexual flowers, or monoecious with 

bisexual flowers), ii. reproductive cycle (annual or perennial), iii. life form (tree, shrub, herb, 

palm, or vine), iv. mating system (self-compatible or self-incompatible), v. perianth (present or 

absent/vestigial), vi. floral symmetry (actinomorphic or zygomorphic), vii. corolla type (tubular 

or open), viii. color (white, beige/cream, yellow, green, red, pink, or violet/lilac, sensu Machado 

& Lopes, 2004), and ix. floral resources (pollen, nectar, or both pollen and nectar). For the 
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sexual system, we then analyzed differences in the proportion of each group (unisexual flowers 

vs. unisexual flowers) in the review and for angiosperms (sensu Renner, 2014), using chi-

squared tests. Two andromonoecious species were categorized as monoecious, and three bi-

annual species were included as annuals. Data for flower size, corolla size, inflorescence size, 

and nectar volume were extracted only if this information was available in the original 

publication. Information about animal pollination was recorded when a taxonomic 

identification was provided. Floral visitors were classified as pollinators only when a legitimate 

visit was recorded (sensu Inouye, 1980). Therefore, we excluded visitors recorded as floral 

larcenists. Flower visitors were divided into eight functional-taxonomic groups: ants, bees, 

beetles, butterflies, flies, moths, thrips, and wasps. Visitors of other groups were rare, and we 

grouped them in the category of “others” (including lacewings, lizards, and hummingbirds). 

The zoophilous component of ambophilous species was also classified based on its degree of 

specialization-generalization, as a specialized (one functional-taxonomic group), bimodal 

(two), or generalized (three or more) system.  

 

Meta-analysis 

To estimate wind and animal contributions to reproductive success, we conducted a meta-

analysis from a subset of 31 studies, which measured fruit and seed set of angiosperm species 

in natural conditions (i.e., both wind and animal pollination) and after animal exclusion (i.e., 

only wind pollination). When data were available in graphs, we used GetData Graph Digitizer 

2.26 to extract it (<getdata-graph-digitizer.com>). We calculated effect size based on the log 

odds ratio for proportion data and Cohen’s d for data based on averages between the two 

treatments (wind and animal pollination vs. only wind pollination). Both values were 

transformed to Hedge’s g to facilitate interpretation and comparison among studies (Cooper et 

al., 2009). We also assessed which response variables were measured (fruit set or seed set) and 
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the level at which treatments were applied (flower, inflorescence, or whole plant). If the same 

study provided separate estimates for more than one species, year, location, or morphotypes, 

we recorded each estimate as a different case. In total, 104 cases from 53 angiosperm species 

composed the final dataset for the meta-analysis.  

 For the effect size of a given case or for the overall effect size, the biotic contribution 

was interpreted as significant when the effect size was positive and its 95% confidence interval 

did not overlap zero (hereafter “consistently ambophilous species”). Negative values of effect 

size or 95% confidence intervals that overlapped zero meant that biotic pollination did not 

contribute to increase reproductive success (hereafter “functionally wind-pollinated species”). 

If a species had cases belonging to the two different groups, each case was interpreted 

individually.  

  To test the assumptions of the meta-analysis model and publication bias, we analyzed 

the models using visual and statistical methods (normal Q-Q plot, influence plot, funnel plot, 

symmetry test, normality test, and Rosenberg fail-safe number) using the metafor package (Fig. 

S1). After 15 outliers were detected and removed, the normality and symmetry assumptions of 

the model were acceptable. For this subset (without outliers) of 84 cases from 46 species, the 

Rosenberg fail-safe number (12,124) was larger than the critical value (460).  

 Overall effect size was estimated by traditional and phylogenetically independent 

random-effect models, using the metafor package. Random-effect models were chosen, as they 

take into account the variation between the true effect size across study populations and the 

variation due to sampling error (Borenstein et al., 2009). For the phylogenetically independent 

meta-analysis, the phylogenetic hypothesis was incorporated using the angiosperm APG IV 

mega phylogenetic tree by Zanne et al. (2014) as modified by Jian and Qin (2016). The 

phylogeny was also used to test the phylogenetic signal of effect sizes, using Pagel’s (λ) model 

in phytools (Revell, 2020). Phylogenetically independent meta-analyses had values of Akaike's 
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information criterion (AICc) lower than the traditional model (23 units), and the interpretation 

of results focused on the phylogenetically independent random-effect models (Table S1).  

 Overall heterogeneity was statistically significant (see Results), indicating that there 

was among-case variation among effect sizes. To investigate the possible explanation of 

among-case variation, we fitted meta-analytical models, using each categorical plant trait as 

moderators (reproductive cycle, mating system, breeding system, floral symmetry, perianth 

presence, climatic zone, and pollination system) and meta-regressions using continuous 

variables (temperature, precipitation, and altitude). Within each plant trait, a category was taken 

into consideration cautiously if the number of cases was lower than ten (self-compatible system, 

zygomorphic symmetry, and monoecious system). All statistical tests were performed in the R 

environment (R CORE TEAM, 2020). 

 

RESULTS 

Trends in ambophilous species 

Experiments on wind and animal pollination were conducted for 71 species of vascular plants 

in 47 published studies, mainly in Asia (31%), South America (27%), and Europe (25%) (Fig. 

2). These experiments were conducted at tropical and temperate sites and in seven of the nine 

terrestrial biomes described by Whittaker (1961), most of them in seasonal tropical forests 

(40%), woodland/shrubland (26%), and seasonal temperate forests (11%) (Fig. S2).  

 Although the number of published studies on ambophily has gradually increased since 

the previous review by Culley et al. (2002), the cumulative number of papers is equivalent to 

only 1% of the number of published papers about specialized animal-pollinated systems, for 

instance (Fig. 3). Most studies have focused on a single species (91%) or a few phylogenetically 

related species (9%). One-quarter of the studies evaluated temporal and/or spatial variation. 

Ambophily was mainly studied by using bagging experiments (91%) but also by sampling 
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airborne pollen (9%) (Table S2). 

 

Taxonomic distribution and floral traits 

Seventy-one species of ambophilous species belong to 33 families in 25 orders were included 

(APG, 2016). The best represented orders were the angiosperms Malpighiales (21%, 15 

species), Poales (15%), and Arecales (9%); and the gymnosperms Cycadales (50%, 2 species), 

Ephredales (25%), and Gnetales (25%). Most species were perennial (71%) and shrubby (43%). 

Almost half of the species were hermaphroditic (46%) but unisexual flowers were more 

frequent in ambophilous species than in angiosperms (54% vs. 15% (sensu Renner, 2014), χ2 

= 31.95, df = 1, P < 0.05). Most ambophilous flowers were apetalous (60%); petalous flowers 

(n = 28 or 40% of total) were frequently actinomorphic (89%) and dish-shaped (54%). Flowers 

were mostly pale (85% of 67 species), but petals and other floral structures, such as bracts and 

stamens, in some species were colored (see Table S3). Concerning resources, most species used 

both pollen and nectar as flower resources (60%), and nectar was predominantly present in 

tubular flowers (80%) (mean nectar volume = 1.0 ± 2.0 μL, n = 11) (Table S3). 

 Regarding the zoophilous component, the pollination system of most species was 

classified as generalist (52% of 50 species), followed by specialist (32%) and bimodal (16%). 

Flies and bees were the most frequent pollinator groups (72% and 62%, respectively). Only 

two species were not pollinated exclusively by insects: Ephedra fragilis (Ephedraceae) was 

pollinated by lizards, and Triplaris gardneriana (Polygonaceae) by hummingbirds (Table S3, 

Fig. S3). 

 

Estimates of the contribution by biotic and abiotic vectors  

The overall effect size calculated for 84 cases, representing 46 species, was 0.63 with a positive 

confidence interval (95% CI = –0.06 to 1.3, Table S2). The effect sizes of 37 cases, representing 
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26 species, were interpreted as consistently ambophilous systems, and 47 cases, representing 

24 species, as functionally wind-pollinated species. Four species (Aconitum gymnandrum, 

Mallotus japonicus, Excoecaria agallocha, and Rhynchospora ciliaris) had cases falling into 

both groups (Fig. 4). The phylogenetic signal was not significant (λ = 0.42, P = 0.5).  

 The heterogeneity of the random phylogenetic effect model was large (Q = 478.93, P < 

0.001), indicating variability in the effect size among cases. Although the heterogeneity of 

moderators was not significant for all plant traits, some categories within traits had positive and 

significant effects, namely pollination generalization and actinomorphic floral symmetry (Fig. 

5). Sampling units (flowers, inflorescences, and whole plant) showed effect sizes with 

confidence intervals overlapping zero (i.e., did not explain among-case variation in effect sizes) 

(Fig. S4).  

 We found a negative relationship between effect size and mean annual temperature, and 

between effect size and mean precipitation (meta-regressions –0.003 95% CI [–0.005 to –

0.0006] for temperature and –0.003 95% CI [–0.005 to 0] for precipitation, both P < 0.05, Fig. 

6). That is, consistent ambophily was associated with lower temperatures and drier 

environments. Latitude and altitude meta-regressions were not significant. 

 

DISCUSSION 

After almost two decades, cases of ambophily in the literature increased fivefold since the last 

review (Culley et al., 2002). However, the ambophilous pollination system continued to be 

neglected in reproductive biology studies, compared to the interest in more specialized 

pollination systems, for example. The reasons are not clear-cut, but may reflect the problem 

that ambophily is not predicted and may not be inferred based on classic pollination syndromes 

(see Dellinger, 2020). Ambophily usually requires careful observation to detect and may remain 

hidden as a case of wind or animal pollination. This being so, at present it is not possible to 
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ascertain if the occurrence of ambophily is very rare or underestimated. Feasible methods that 

can detect ambophily in the field are encouraged, such as observation of floral visitors in 

presumedly wind-pollinated species (e.g., Costa et al., 2018; Dórea et al., 2018; Schulze-

Albuquerque et al., 2020) and sampling of airborne pollen in presumedly animal-pollinated 

species (e.g., Cresswell et al., 2004; Mangla et al., 2011; Yamasaki et al., 2013). Moreover, it 

is still difficult to separate the relative contribution of animal and wind pollination to the 

reproductive success of ambophilous species, because studies do not include a treatment 

evaluating each component separately. This may lead to overestimation of the abiotic 

contribution in bagging experiments, which are most often used to test for ambophily. 

Methodological refinements are welcome in order to advance our understanding of ambophily. 

 In this first meta-analysis for ambophilous species, we established that ambophily is a 

pollination system that can vary along a gradient of biotic-abiotic contributions to  reproductive 

success, highlighting two groups: consistently ambophilous species and functionally wind-

pollinated species. Nevertheless, we did not find a phylogenetic signal in the effect sizes, 

meaning that these groups were composed of distantly related species. These new findings 

indicate that ambophily is a context-dependent ecological process (Chamberlain et al., 2014; 

Rech et al., 2016). For example, in some cases ambophily may be evolutionarily stable (sensu 

Culley et al., 2002), and in other cases may be an intermediate stage from insect pollination to 

wind pollination from animal-pollinated ancestors, or a full reversal toward wind pollination 

from wind-pollinated ancestors. To evaluate the evolutionary trajectory of ambophily in a 

particular group, phylogenetic relationships and pollination systems from related species for 

each group should be taken into consideration (Friedman and Barrett, 2009; Wragg and 

Johnson, 2011; Costa, 2017). Moreover, the two groups (consistent ambophily vs. functional 

wind pollination) may occur due to particular spatiotemporal variations that lead to different 

assemblages of floral visitors in each reproductive event, as reflected by four species that 
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showed marked differences in effect sizes depending on the particular case. For each situation, 

ambophily may be a consistent, safe pathway to mitigate pollen loss in both wind- and animal-

pollinated groups. This suggests that ambophily may be favored as a functionally flexible 

pollination strategy (Friedman and Barrett, 2009; Timerman and Barrett, 2020). 

 Nearly half of the species in this meta-analysis had wind as their only effective pollen 

vector. Wind-pollination systems may be favored in unpredictable pollination environments 

where pollinators are scarce (Goodwillie, 1999; Lázaro and Traveset, 2005; Medan and Devoto, 

2005; Rios et al., 2014) or absent (e.g., pioneer habitats, Custodio et al., 2017). Moreover, some 

floral traits in animal-pollinated species, either morphological (e.g., "operculum type" corolla 

in Ericaceae; Ladd, 2006) or aerobiological, may mediate interaction with wind, favoring shifts 

to wind pollination. For instance, the movement of the fusiform dry pollen of Aconitum 

gymnandrum (Ranunculaceae) was more efficient in open or marginal sites (Wang et al., 2017). 

In any case, the wind contribution to reproductive success can be overestimated in ambophilous 

systems. Animal pollination is less predictable than wind pollination, so contribution by 

pollinators in truly ambophilous species can go undetected after some exclusion experiments, 

which may at least partly explain the high number of functionally wind-pollinated species in 

our review.  

 Setting aside these methodological caveats, our results indicated that animal pollinators 

(mainly insects) act as effective pollen vectors in half of the species. Animals may still ensure 

reproductive success in ambophilous species during periods of calmer winds, as well as 

contribute to other pollination proxies not evaluated here, such as the male function (Ashman 

et al., 2004; Rosas-Guerrero et al., 2014; Leal et al., 2020). The contribution of wind and 

animals to reproductive success may be maintained by the high frequency of floral traits across 

species found here, such as small, simple, pale, open, and unisexual flowers, which are related 

to both wind- and generalist insect-pollinated floral phenotypes (Friedman & Barrett, 2009; 
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Moreira & Freitas, 2020; Yoder et al., 2020). Therefore, phenotypic generalization may ensure 

insect pollination when wind is ineffective, without significantly compromising the efficacy of 

wind pollination in wind-favorable scenarios. 

The relative contributions of wind and insects were not related to plant traits in our 

review. We did not expect these results in view of the well-established associations between 

morphological traits and pollination systems (Friedman and Barrett, 2009; Ollerton et al., 2011; 

Rech et al., 2016). However, different plant traits may be favored to function simultaneously 

for wind and insect pollination, resulting in even frequencies of floral traits related to each 

pollen vector in ambophilous species. An analogy can be drawn with the influences of abiotic 

and biotic non-pollinator agents on floral evolution (Strauss & Whittall, 2006). 

 Although the contributions of pollination components did not differ significantly 

between climatic zones, consistently ambophilous species were associated with lower mean 

temperatures and lower precipitation. Pollen release and dispersal into the atmosphere by 

ambophilous species have been associated with higher temperatures and humid environments 

(Custodio et al., 2017; Costa et al., 2018). The association between consistent ambophily and 

colder and drier environments may reflect the presence of more airborne pollen grains in 

warmer environments. Thus, a higher wind contribution to reproductive success, in addition to 

insects being more sensitive to environmental variation, would favor functionally wind-

pollinated species in warmer and more-humid environments. 

 Phenotypic (actinomorphic floral symmetry) and functional-taxonomic (number of 

taxonomic groups of pollinators) generalization was associated with consistent ambophily, 

although floral symmetry overall did not explain the variation in effect sizes. Half of the species 

surveyed in the review are generalists in their biotic component (e.g., Duan et al., 2009; Cursach 

and Rita, 2012; Gulías and Traveset, 2012; Custodio et al., 2017). These findings suggest that 

generalist pollination systems may increase the success biotic component in ambophilous 
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species. Thus, ambophily can be considered a broader generalist pollination system, because 

ambophilous species usually combine wind pollination with several functional groups of 

animal pollinators. The reasons behind the association of ambophily with pollination by several 

insects are not clear. However, generalist pollination systems are expected to evolve in response 

to unpredictably fluctuating pollination environments (Waser et al., 1996; Ollerton et al., 2007), 

and the evolution of wind pollination in animal-pollinated plants may be more frequent in these 

scenarios of a high degree of  generalization due to low densities of pollinators.  

 

CONCLUSION 

Based on a global-scale systematic review and meta-analysis of ambophilous species, 

ambophily can vary along a gradient of biotic-abiotic contributions to reproduction. We 

demonstrated that half of the species in this meta-analysis are effectively pollinated by wind, 

and the contribution of wind increased with increasing temperature and rainfall, whereas 

actinomorphic flowers and generalist pollination systems were associated with the contribution 

of biotic pollination to reproduction success. These findings indicate that simultaneously 

animal- and wind-pollinated species are, in fact, efficiently pollinated only by wind and may 

or may not exhibit floral attributes associated with animal pollination. Overall, these findings 

demonstrate that ambophily may be under-represented in pollination studies due to its transitory 

nature or lack of practical methods to properly detect this system. Pollination experiments 

should be encouraged in order to detect ambophily in plant communities and fill gaps in 

knowledge of this neglected pollination system. 
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Figure 1: Evolutionary pathways in unpredictable pollination environments for a population 

with animal pollination as the ancestral state. At least three consequences are expected: a 

progressive negative demographic effect, leading to population extinction; evolution of self-

fertilizing mechanisms; or changes in the pollination system. This last may lead to a shift 

toward a new group of pollinators (for example, from bee to hummingbird pollination); 

greater specialization or greater generalization of the pollination system; or a transition to 

abiotic pollination. In this hypothetical scenario, ambophily might be an intermediate 

condition in a full transition to wind pollination or a stable pollination system relying on 

biotic (specialist or generalist system) and abiotic pollen vectors. Ambophily may also evolve 

from wind-pollinated systems. Illustrations of pollinators obtained from <divulgare.net> and 

other elements obtained from <thenounproject.com>. Modified from Culley et al., 2002. 
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Figure 2: Locations of study sites from 71 publications surveyed in the systematic review. The 

number of species reported at each location is indicated by the size of the circle or triangle. 

Triangles indicate studies conducted in tropical regions; circles indicate studies in extra-tropical 

regions. Blue indicates studies included in the meta-analysis; red indicates studies that were 

excluded. 
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Figure 3. A) The cumulative number of studies on ambophily from 2002–2020. B) The number 

of studies from 1945–2020 from Web of Science database searches for specialist pollination 

(speciali* AND pollinat*), wind pollination (wind AND pollinat*), generalist pollination 

(generali* AND pollinat*), and ambophily (amb*phil*). 
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Figure 4: Effect size and 95% confidence interval for 46 species used in the global meta-

analysis of ambophilous species. Consistently ambophilous species includes cases where the 

biotic contribution was interpreted as significant; functionally wind-pollinated cases include 

species where biotic pollination did not contribute significantly to reproductive success. 

  



36 
 

 
 

 

Figure 5: Overall effect size (d) and 95% confidence interval of pollen limitation, and per 

category based on phylogenetically independent meta-analysis (90 cases of 49 species). 
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Figure 6: Overall relationship between size effects (Hedges’ g) and a) mean annual temperature 

and b) mean annual precipitation. Solid line indicates the predicted relationships. Blue indicates 

effect size from extratropical regions, and red from tropical regions. 
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Figure S1: Diagnostics of traditional random-effects models. Diagnostics for model 

assumptions and publication bias: normal Q-Q plot, funnel plot, influence plot, symmetry 

test, overall effect size, heterogeneity, Rosenberg fail-safe number, and critical value for 

the complete dataset (104 cases from 53 species) and without outliers (84 cases from 46 

species).  
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Figure S2: Distribution of case locations across seven of the nine major global terrestrial 

biomes. 
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Figure S3: Proportion of pollinator taxonomic groups represented in the animal-pollinated 

component of the 51 species included in the systematic review. 
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Figure S4: Effect sizes (d) and 95% confidence interval of reproductive success and per 

category based on unit of sampling in the phylogenetically independent meta-analysis.  
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Table S1. Results (effect size (g) and 95% confidence interval (95% lower and upper CI)) of traditional and phylogenetically independent meta-

analyses based on random-effects models. Heterogeneity between categories (QM), Akaike's information criterion (AICc) per plant trait, number 

of angiosperm species (n) and p value per category were presented. 

 Traditional meta-analysis 
Phylogenetically-independent 

meta-analysis 
 n QM p AICc g l.ci u.ci p QM  p AICc g l.ci u.ci p 

Overall 47 
478.4

6 
0.01 177.08     478.46  *** 160.76    

 
     0.64 0.5 0.79 ***     0.63 -0.06 1.3 0.1 

Plant traits               
 

                
 

 
Breeding system 6.55 0.03 174.67     0.24  0.885 161.65    

 
Dioecious 20    0.84 0.63 1.06 <0.0001     0.72 -0.1 1.55 >0.999 

Hermaphroditic 21    0.56 0.34 0.78 <0.0001     0.62 -0.14 1.39 >0.999 

Monoecious 5    0.35 0.01 0.70 0.05     0.54 -0.36 1.46 >0.999 
                

 
Mating system 0 0.96 93.45     0.00  0.92 71.23    

 
Self-compatible 19    0.52 0.31 0.72 <0.0001     0.56 -0.07 1.21 0.10 

Self-incompatible 3    0.51 0.06 0.95 0.05     0.53 -0.37 1.44 >0.999 
                

 
Reproductive cycle 1.13 0.28 178.89     0.23  0.62 162.38    

 
Annual 15    0.52 0.25 0.79 <0.0001     0.70 -0.05 1.47 >0.999 

Perennial 33    0.69 0.53 0.86 <0.0001     0.60 -0.11 1.32 >0.999 
                

 
Climatic zone 0.54 0.46 177.69     0.21  0.64 162.07    

 
Extratropical 24    0.69 0.50 0.88 <0.0001     0.57 -0.19 1.33 >0.999 

Tropical 23    0.59 0.38 0.81 <0.0001     0.67 -0.05 1.41 0.10 
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Pollination system 0.84 0.35 138.85     0.04  0.82 120.41    
 

Specialist 15    0.75 0.48 1.02 <0.0001     0.69 -0.01 1.40 0.10 

Generalist 15    0.59 0.37 0.81 <0.0001     0.75 0.03 1.46 0.05 
                

 
Perianth presence 3.1 0.07 176.88     0.08  0.76 160.99    

 
Absent 28    0.76 0.57 0.95 <0.0001     0.68 -0.09 1.47 0.1 

Present 18    0.50 0.29 0.71 <0.0001     0.56 -0.29 1.42  
                

 
Flower symmetry 1.5 0.2 172.54       0.74 149.08    

 
Zygomorphic 41    0.43 0.02 0.84 0.05 0.10    0.57 -0.37 1.53  

Actinomorphic 3    0.71 0.56 0.56 <0.0001     0.70 0.03 1.37 0.05 
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Table S2. Effect sizes (g), variance (vg), unit of sampling and floral attributes (reproductive cycle, breeding system, mating system, climatic zone, 

pollination system, floral symmetry perianth presence) for 56 species included in the systematic review and in the meta-analysis. 

id statistical.level lat_dec lon_dec country whit climate g vg seg species 

aav3 flower 6.499 -58.218 Guyana 
tropical seasonal 

forest 
tropical 0.754758 0.091 0.302 

Astrocaryum 

vulgare 

acm5 inflorescences 9.906 -84.275 
Costa 

Rica 

tropical seasonal 

forest 
tropical 1.795023 0.1200 0.346 

Chamaedorea 

macrospadix 

acp6 inflorescences 9.888 -83.964 
Costa 

Rica 

temperate seasonal 

forest 
extratropical 1.283151 0.0855 0.2925 

Chamaedorea 

pinnatifrons 

acp6 inflorescences 9.888 -83.969 
Costa 

Rica 

temperate seasonal 

forest 
extratropical 0.910438 0.097 0.312 

Chamaedorea 

pinnatifrons 

act7 inflorescences 9.906 -84.275 
Costa 

Rica 

tropical seasonal 

forest 
tropical 2.082388 0.100 0.317 

Chamaedorea 

tepejilote 

afk2 individuals 34.132 74.8375 India woodland/shrubland extratropical 1.74869 0.177 0.420 
Ferula 

jaeschkeana 

afk2 individuals 34.132 74.8375 India woodland/shrubland extratropical 1.660849 0.172 0.414 
Ferula 

jaeschkeana 

afk2 individuals 34.132 74.8375 India woodland/shrubland extratropical 1.124602 0.147 0.383 
Ferula 

jaeschkeana 

amf8 individuals 3.3558 -61.4297 Brazil 
tropical seasonal 

forest 
tropical 0.712486 0.193 0.439 

Mauritia 

flexuosa 

asl1 individuals -35.75 -57.5177 Argentina woodland/shrubland extratropical 0.056504 0.118 0.344 
Schinus 

longifolia 

bbb12 individuals 39.616 2.98333 Spain woodland/shrubland extratropical -0.04227 0.223 0.472 
Buxus 

balearica 

bbb12 individuals 39.616 2.98333 Spain woodland/shrubland extratropical -0.16723 0.273 0.523 
Buxus 

balearica 

bbb12 individuals 39.616 2.98333 Spain woodland/shrubland extratropical -0.02491 0.263 0.512 
Buxus 

balearica 
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bbb12 individuals 39.616 2.98333 Spain woodland/shrubland extratropical -0.044 0.236 0.486 
Buxus 

balearica 

bbb12 individuals 39.616 2.98333 Spain woodland/shrubland extratropical -0.478 0.366 0.605 
Buxus 

balearica 

bbb12 individuals 39.616 2.98333 Spain woodland/shrubland extratropical -0.350 0.271 0.520 
Buxus 

balearica 

bbb12 individuals 36.833 -2.45 Spain subtropical desert extratropical -0.584 0.240 0.490 
Buxus 

balearica 

bbb12 individuals 36.833 -2.45 Spain subtropical desert extratropical 0.301 0.193 0.439 
Buxus 

balearica 

bbb12 individuals 36.833 -2.45 Spain subtropical desert extratropical -0.687 0.675 0.821 
Buxus 

balearica 

bbb12 individuals 36.833 -2.45 Spain subtropical desert extratropical -0.0025 0.190 0.436 
Buxus 

balearica 

bps11 inflorescences 37 -3.3 Spain 
temperate seasonal 

forest 
extratropical 0.0786 0.040 0.201 

Ptilotrichum 

spinosum 

cct13 individuals -35.75 -57.5177 Argentina woodland/shrubland extratropical -0.202 0.224 0.474 Celtis tala 

cra73 individuals -18.183 -43.5667 Brazil 
tropical seasonal 

forest 
tropical 0.8131 0.261 0.511 

Rhynchospora 

albiceps 

crc19 inflorescences -8.1166 -34.9833 Brazil 
tropical seasonal 

forest 
tropical 0.101 0.288 0.536 

Rhynchospora 

ciliaris 

crc19 inflorescences -8.1166 -34.9833 Brazil 
tropical seasonal 

forest 
tropical 0.184 0.233 0.483 

Rhynchospora 

ciliaris 

crc19 inflorescences -8.1166 -34.9833 Brazil 
tropical seasonal 

forest 
tropical 0.431 0.254 0.504 

Rhynchospora 

ciliaris 

crc19 inflorescences -8.1166 -34.9833 Brazil 
tropical seasonal 

forest 
tropical 0.413 0.243 0.493 

Rhynchospora 

ciliaris 

crc19 inflorescences -8.1167 -34.9833 Brazil 
tropical seasonal 

forest 
tropical 0.886 0.368 0.606 

Rhynchospora 

ciliaris 
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crc19 inflorescences -8.1167 -34.9833 Brazil 
tropical seasonal 

forest 
tropical 0.442 0.2507 0.5007 

Rhynchospora 

ciliaris 

crc19 flower -8.1166 -34.9833 Brazil 
tropical seasonal 

forest 
tropical 0.923 0.023 0.151 

Rhynchospora 

ciliaris 

crc19 individuals -6.7166 -35.1333 Brazil 
tropical seasonal 

forest 
tropical 1.189 0.338 0.5821 

Rhynchospora 

ciliaris 

crc68 individuals -6.7166 -35.1333 Brazil 
tropical seasonal 

forest 
tropical 1.329 0.559 0.748 

Rhynchospora 

cephalotes 

cre70 individuals -18.183 -43.5667 Brazil 
tropical seasonal 

forest 
tropical 1.092 0.290 0.538 

Rhynchospora 

elatior 

crg69 individuals -18.183 -43.5667 Brazil 
tropical seasonal 

forest 
tropical 1.627 0.697 0.835 

Rhynchospora 

globosa 

crp71 individuals -6.7166 -35.1333 Brazil 
tropical seasonal 

forest 
tropical 1.518 0.571 0.755 

Rhynchospora 

pubera 

csl15 individuals 21.3113 -157.796 EUA 
tropical seasonal 

forest 
tropical 0.986 0.042 0.205 

Schiedea 

lydgatei 

eea23 flower 20.296 85.824 India 
tropical seasonal 

forest 
tropical 0.256 0.009 0.099 

Excoecaria 

agallocha 

eea23 flower 20.296 85.824 India 
tropical seasonal 

forest 
tropical 0.059 0.008 0.0924 

Excoecaria 

agallocha 

eea23 flower 20.296 85.824 India 
tropical seasonal 

forest 
tropical 0.623 0.010 0.104 

Excoecaria 

agallocha 

eea23 flower 20.296 85.824 India 
tropical seasonal 

forest 
tropical 0.214 0.008 0.090 

Excoecaria 

agallocha 

ema24 individuals 34.833 135.83 Japan 
temperate seasonal 

forest 
extratropical 0.801 0.480 0.692 

Mallotus 

japonicus 

ema24 individuals 34.833 135.83 Japan 
temperate seasonal 

forest 
extratropical 1.61 0.644 0.802 

Mallotus 

japonicus 

emw25 individuals 4.198 114.04 Malasya tropical rain forest tropical 0.164 0.1559 0.394 
Mallotus 

wrayi 
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emw25 individuals 4.198 114.042 Malasya tropical rain forest tropical 0.459073 0.159 0.399 
Mallotus 

wrayi 

fcc27 flower 23.1666 112.566 China 
tropical seasonal 

forest 
tropical 0.280741 0.1051 0.3243 

Caesalpinia 

crista 

fcc27 flower 23.1667 112.566 China 
tropical seasonal 

forest 
tropical 0.203135 0.089 0.298 

Caesalpinia 

crista 

fcs28 individuals 32.882 35.357 Israel 
tropical seasonal 

forest 
tropical 1.126 0.295 0.543 

Ceratonia 

siliqua 

pcb73 flower -8.050 -34.948 Brazil 
tropical seasonal 

forest 
tropical 0.460 0.006 0.082 

Chloris 

barbata 

plp41 individuals 38.5 -122.32 EUA woodland/shrubland extratropical 0.242 0.06 0.25 
Linanthus 

parviflorus 

plp41 individuals 38.5 -122.32 EUA woodland/shrubland extratropical 0.238 0.06 0.255 
Linanthus 

parviflorus 

pmp43 flower -22.866 -42.816 Brazil 
tropical seasonal 

forest 
tropical 0.228 0.004 0.067 

Myrsine 

parvifolia 

ppc35 inflorescences -23.1 46.916 Brazil 
tropical seasonal 

forest 
tropical 1.322 0.390 0.624 

Peperomia 

circinnata 

ppm40 individuals 50.733 7.749 Germany woodland/shrubland extratropical 1.270 0.747 0.864 
Plantago 

media 

ppm40 individuals 50.733 7.749 Germany woodland/shrubland extratropical 0.710 3.233 1.798 
Plantago 

media 

ppm70 flower -8.272 -35.68 Brazil 
tropical seasonal 

forest 
tropical 0.113 0.008 0.094 

Paspalum 

maritimum 

ppm70 flower -8.0503 -34.948 Brazil 
tropical seasonal 

forest 
tropical -0.28183 0.007 0.085 

Paspalum 

maritimum 

ppr37 inflorescences -23.1 46.916 Brazil 
tropical seasonal 

forest 
tropical -0.08601 0.104 0.322 

Peperomia 

rotundifolia 

ppu39 inflorescences -23.1 46.916 Brazil 
tropical seasonal 

forest 
tropical 0 1.204 1.097 

Peperomia 

urocarpa 
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ptg42 flower -2.019 -57.8675 Brazil 
tropical seasonal 

forest 
tropical 1.042 0.0791 0.2814 

Triplaris 

gardneriana 

rag44 individuals 37.483 101.2 China boreal forest extratropical 2.283 0.633 0.796 
Aconitum 

gymnandrum 

rag44 individuals 37.483 101.2 China boreal forest extratropical 1.595 0.6522 0.8075 
Aconitum 

gymnandrum 

rdc46 flower -39.570 -71.441 Argentina 
temperate seasonal 

forest 
extratropical 0.894 0.0165 0.1287 

Discaria 

chacaye 

rdc46 flower -39.798 -71.212 Argentina woodland/shrubland extratropical 0.807 0.0014 0.038 
Discaria 

chacaye 

rot47 individuals -40.815 -71.106 Argentina woodland/shrubland extratropical 0.773 0.2181 0.467 
Ochetophila 

trinervis 

rot47 individuals -33 -69.283 Argentina temperate grassland extratropical 0.666 0.2139 0.4625 
Ochetophila 

trinervis 

rot47 individuals -9.610 -71.354 Argentina 
tropical seasonal 

forest 
tropical 0.68 0.4077 0.6385 

Ochetophila 

trinervis 

rrl48 individuals 39.733 2.7 Spain woodland/shrubland extratropical -0.415 0.0937 0.3061 
Rhamnus 

lycioides 

rrl48 individuals 39.3833 2.8333 Spain woodland/shrubland extratropical 0.480 0.1300 0.3606 
Rhamnus 

lycioides 

sjr62 individuals -35.75 -57.517 Argentina woodland/shrubland extratropical -0.466 0.1298 0.3603 
Jodina 

rhombifolia 

ssa51 individuals 46.2 12.966 Italy 
temperate seasonal 

forest 
extratropical 0.827 0.0782 0.2797 Salix alba 

ssa51 individuals 46.2 12.966 Italy 
temperate seasonal 

forest 
extratropical 1.802 0.1020 0.3194 Salix alba 

ssd53 individuals 46.2 12.966 Italy 
temperate seasonal 

forest 
extratropical 1.42 0.063 0.2517 

Salix 

daphnoides 

sse54 individuals 46.2 12.966 Italy 
temperate seasonal 

forest 
extratropical 1.484 0.0644 0.2537 

Salix 

eleagnos 
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sse54 individuals 46.2 12.966 Italy 
temperate seasonal 

forest 
extratropical 0.87 0.055 0.23 

Salix 

eleagnos 

ssh55 inflorescences 60.533 7.533 Norway boreal forest extratropical 0.802 0.310 0.557 
Salix 

herbacea 

ssl57 inflorescences 60.533 7.533 Norway boreal forest extratropical 0.966 0.094 0.308 
Salix 

lapponum 

ssl58 flower 34 -112 USA woodland/shrubland extratropical 1.9626 0.749 0.869 
Salix 

lasiolepis 

ssm59 inflorescences 60.533 7.533 Norway boreal forest extratropical 1.363 0.10 0.326 
Salix 

myrsinites 

ssr60 inflorescences 60.533 7.533 Norway boreal forest extratropical 1.185 0.076 0.276 
Salix 

reticulata 

sst61 individuals 46.2 12.966 Italy 
temperate seasonal 

forest 
extratropical 0.060 0.064 0.254 Salix triandra 

sst61 individuals 46.2 12.966 Italy 
temperate seasonal 

forest 
extratropical 0.455 0.066 0.258 Salix triandra 

ttm64 individuals 39.8 2.8 Spain woodland/shrubland extratropical 2.257 0.3108 0.5575 
Thymelaea 

myrtifolia 

ttm64 individuals 39.8 2.8 Spain woodland/shrubland extratropical 1.9648 0.2799 0.5291 
Thymelaea 

myrtifolia 

ttm64 individuals 39.616 2.983 Spain woodland/shrubland extratropical 1.1652 0.2174 0.4662 
Thymelaea 

myrtifolia 
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Table S2 – Continuação. 

species breeding order family habits sexual color symmetry perianth visits cycle 

Astrocaryum vulgare AC Arecales Arecaceae Palm Monoecious Pale Radial Absent generalists perennial 

Chamaedorea 

macrospadix 
NA Arecales Arecaceae Palm Dioecious Pale Radial Absent bimodal perennial 

Chamaedorea 

pinnatifrons 
NA Arecales Arecaceae Palm Dioecious Pale Radial Absent bimodal perennial 

Chamaedorea 

pinnatifrons 
NA Arecales Arecaceae Palm Dioecious Pale Radial Absent bimodal perennial 

Chamaedorea 

tepejilote 
NA Arecales Arecaceae Palm Dioecious Pale Radial Absent especialists perennial 

Ferula jaeschkeana AC Apiales Apiaceae Herb Monoecious Yellow Radial Present generalists perennial 

Ferula jaeschkeana AC Apiales Apiaceae Herb Monoecious Yellow Radial Present generalists perennial 

Ferula jaeschkeana AC Apiales Apiaceae Herb Monoecious Yellow Radial Present generalists perennial 

Mauritia flexuosa NA Arecales Arecaceae Palm Dioecious Pale Radial Absent generalists perennial 

Schinus longifolia AI Sapindales Anacardiaceae Shrub Dioecious Pale Radial Present NA perennial 

Buxus balearica AC Buxales Buxaceae Shrub Monoecious Pale Radial Present generalists perennial 

Buxus balearica AC Buxales Buxaceae Shrub Monoecious Pale Radial Present generalists perennial 

Buxus balearica AC Buxales Buxaceae Shrub Monoecious Pale Radial Present generalists perennial 

Buxus balearica AC Buxales Buxaceae Shrub Monoecious Pale Radial Present generalists perennial 

Buxus balearica AC Buxales Buxaceae Shrub Monoecious Pale Radial Present generalists perennial 

Buxus balearica AC Buxales Buxaceae Shrub Monoecious Pale Radial Present generalists perennial 

Buxus balearica AC Buxales Buxaceae Shrub Monoecious Pale Radial Present generalists perennial 

Buxus balearica AC Buxales Buxaceae Shrub Monoecious Pale Radial Present generalists perennial 

Buxus balearica AC Buxales Buxaceae Shrub Monoecious Pale Radial Present generalists perennial 

Buxus balearica AC Buxales Buxaceae Shrub Monoecious Pale Radial Present generalists perennial 

Ptilotrichum spinosum AC Brassicales Brassicaceae Shrub Hermaphroditic White Radial Present NA annual 

Celtis tala AC Rosales Cannabaceae Tree Monoecious Pale Radial Present NA annual 
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Rhynchospora albiceps AC Poales Cyperaceae Herb Hermaphroditic Pale Radial Absent bimodal annual 

Rhynchospora ciliaris AC Poales Cyperaceae Herb Hermaphroditic Pale Radial Absent especialists annual 

Rhynchospora ciliaris AC Poales Cyperaceae Herb Hermaphroditic Pale Radial Absent especialists annual 

Rhynchospora ciliaris AC Poales Cyperaceae Herb Hermaphroditic Pale Radial Absent especialists annual 

Rhynchospora ciliaris AC Poales Cyperaceae Herb Hermaphroditic Pale Radial Absent especialists annual 

Rhynchospora ciliaris AC Poales Cyperaceae Herb Hermaphroditic Pale Radial Absent especialists annual 

Rhynchospora ciliaris AC Poales Cyperaceae Herb Hermaphroditic Pale Radial Absent especialists annual 

Rhynchospora ciliaris AC Poales Cyperaceae Herb Hermaphroditic Pale Radial Absent especialists annual 

Rhynchospora ciliaris AC Poales Cyperaceae Herb Hermaphroditic Pale Radial Absent especialists annual 

Rhynchospora 

cephalotes 
AC Poales Cyperaceae Herb Hermaphroditic Pale Radial Absent especialists annual 

Rhynchospora elatior AC Poales Cyperaceae Herb Hermaphroditic Pale Radial Absent generalists annual 

Rhynchospora globosa AC Poales Cyperaceae Herb Hermaphroditic Pale Radial Absent generalists annual 

Rhynchospora pubera AC Poales Cyperaceae Herb Hermaphroditic Pale Radial Absent especialists annual 

Schiedea lydgatei AC Caryophyllales Caryophyllaceae Shrub Hermaphroditic White Radial Present bimodal perennial 

Excoecaria agallocha NA Malpighiales Euphorbiaceae Tree Dioecious Pale Bilateral Absent generalists perennial 

Excoecaria agallocha NA Malpighiales Euphorbiaceae Tree Dioecious Pale Bilateral Absent generalists perennial 

Excoecaria agallocha NA Malpighiales Euphorbiaceae Tree Dioecious Pale Bilateral Absent generalists perennial 

Excoecaria agallocha NA Malpighiales Euphorbiaceae Tree Dioecious Pale Bilateral Absent generalists perennial 

Mallotus japonicus NA Malpighiales Euphorbiaceae Tree Dioecious Pale Radial Absent generalists perennial 

Mallotus japonicus NA Malpighiales Euphorbiaceae Tree Dioecious Pale Radial Absent generalists perennial 

Mallotus wrayi NA Malpighiales Euphorbiaceae Tree Dioecious Pale Radial Absent generalists perennial 

Mallotus wrayi NA Malpighiales Euphorbiaceae Tree Dioecious Pale Radial Absent generalists perennial 

Caesalpinia crista AI Fabales Fabaceae Vine Hermaphroditic Yellow Bilateral Present generalists annual 

Caesalpinia crista AI Fabales Fabaceae Vine Hermaphroditic Yellow Bilateral Present generalists annual 

Ceratonia siliqua NA Fabales Fabaceae Tree Hermaphroditic Pale Radial Present generalists annual 

Chloris barbata NA Poales Poaceae Herb Hermaphroditic green NA Absent NA annual 

Linanthus parviflorus NA Ericales Polemoniaceae Herb Hermaphroditic White Radial Present NA annual 

Linanthus parviflorus NA Ericales Polemoniaceae Herb Hermaphroditic White Radial Present NA annual 

Myrsine parvifolia NA Ericales Primulaceae Shrub Dioecious White Radial Present NA annual 
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Peperomia circinnata AC Piperales Piperaceae Shrub Hermaphroditic Pale Radial Absent especialists perennial 

Plantago media NA Lamiales Plantaginaceae Herb Hermaphroditic Pale Radial Present NA perennial 

Plantago media NA Lamiales Plantaginaceae Herb Hermaphroditic Pale Radial Present NA perennial 

Paspalum maritimum NA Poales Poaceae Herb Hermaphroditic Purple NA Absent especialists perennial 

Paspalum maritimum NA Poales Poaceae Herb Hermaphroditic Purple NA Absent especialists perennial 

Peperomia rotundifolia AC Piperales Piperaceae Shrub Hermaphroditic Pale Radial Absent especialists perennial 

Peperomia urocarpa AC Piperales Piperaceae Shrub Hermaphroditic Pale Radial Absent especialists perennial 

Triplaris gardneriana NA Caryophyllales Polygonaceae Tree Monoecious pink Radial Present generalists perennial 

Aconitum gymnandrum AC Ranunculales Ranunculaceae Shrub Hermaphroditic Purple Bilateral Present especialists annual 

Aconitum gymnandrum AC Ranunculales Ranunculaceae Shrub Hermaphroditic Purple Bilateral Present especialists annual 

Discaria chacaye AI Rosales Rhamnaceae Shrub Hermaphroditic White Radial Present generalists perennial 

Discaria chacaye AI Rosales Rhamnaceae Shrub Hermaphroditic White Radial Present generalists perennial 

Ochetophila trinervis AC Rosales Rhamnaceae Shrub Hermaphroditic Pale Radial Present generalists perennial 

Ochetophila trinervis AC Rosales Rhamnaceae Shrub Hermaphroditic Pale Radial Present generalists perennial 

Ochetophila trinervis AC Rosales Rhamnaceae Shrub Hermaphroditic Pale Radial Present generalists perennial 

Rhamnus lycioides NA Rosales Rhamnaceae Shrub Dioecious Pale Radial Present bimodal perennial 

Rhamnus lycioides NA Rosales Rhamnaceae Shrub Dioecious Pale Radial Present bimodal perennial 

Jodina rhombifolia AC Santalales Cervantesiaceae Tree Hermaphroditic Pale Radial Present NA annual 

Salix alba NA Malpighiales Salicaceae Tree Dioecious Pale Radial Absent NA perennial 

Salix alba NA Malpighiales Salicaceae Tree Dioecious Pale Radial Absent NA perennial 

Salix daphnoides NA Malpighiales Salicaceae Tree Dioecious Pale Radial Absent NA perennial 

Salix eleagnos NA Malpighiales Salicaceae Shrub Dioecious Pale Radial Absent NA perennial 

Salix eleagnos NA Malpighiales Salicaceae Shrub Dioecious Pale Radial Absent NA perennial 

Salix herbacea NA Malpighiales Salicaceae Herb Dioecious Pale Radial Absent NA perennial 

Salix lapponum NA Malpighiales Salicaceae Shrub Dioecious Pale Radial Absent NA perennial 

Salix lasiolepis NA Malpighiales Salicaceae Shrub Dioecious Pale Radial Absent bimodal perennial 

Salix myrsinites NA Malpighiales Salicaceae Shrub Dioecious Pale Radial Absent NA perennial 

Salix reticulata NA Malpighiales Salicaceae Herb Dioecious Pale Radial Absent NA perennial 

Salix triandra NA Malpighiales Salicaceae Shrub Dioecious Pale Radial Absent NA perennial 

Salix triandra NA Malpighiales Salicaceae Shrub Dioecious Pale Radial Absent NA perennial 
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Thymelaea myrtifolia NA Malvales Thymelaeaceae Shrub Dioecious Pale Radial Present generalists perennial 

Thymelaea myrtifolia NA Malvales Thymelaeaceae Shrub Dioecious Pale Radial Present generalists perennial 

Thymelaea myrtifolia NA Malvales Thymelaeaceae Shrub Dioecious Pale Radial Present generalists perennial 

 


