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Orchidaceae show remarkable diversity in pollination strategies, but how these strategies vary globally is not entirely 
clear. To identify regions and taxa that are data-rich and lend themselves to rigorous analyses or are data-poor and 
need attention, we introduce a global database of orchid reproductive biology. Our database contains > 2900 species 
representing all orchid subfamilies and 23 of 24 tribes. We tabulated information on habit, breeding systems, means of 
pollinator attraction and the identity of pollinators. Patterns of reproductive biology by habit, geography and taxonomy 
are presented graphically and analysed statistically. On the basis of our database, most orchid species sampled are 
pollinator dependent (76%) and self-compatible (88%). Pollinator attraction based on rewards occurs in 54% of the 
species, whereas 46% use some means of deceit. Orchids generally have highly specific pollinator interactions (median 
number of pollinator species = 1). Nonetheless, on average, specificity is lower for species offering rewards, occurring 
in multiple continental regions or Northern America (as defined by the Taxonomic Database Working Group Level 1 
regions). Although our database reveals impressive knowledge gains, extensive gaps in basic observations of orchid 
reproductive biology exist, particularly in tropical regions and diverse lineages of fly-pollinated species. The database 
is expected to facilitate targeted studies, further elucidating the ecological and evolutionary drivers of orchid diversity.

ADDITIONAL KEYWORDS: biogeography – breeding systems – floral deception – Orchidaceae – pollinator 
diversity – pollinator rewards – reproductive biology – sexual deceit.

INTRODUCTION

Charles Darwin is credited for identifying Orchidaceae, 
with all their fantastic flowers, vegetative forms 
and extraordinary species richness as a model 
system for studying evolutionary processes (Darwin, 
1862). Specifically, Darwin interpreted the various 
contrivances (pollination mechanisms) as means to 

enhance the probability of outcrossing, a cornerstone 
of his theory on the origin of species through natural 
selection (Darwin, 1859). Unparalleled by any other 
plant family, orchids have evolved a plethora of 
strategies to attract pollinators, using rewards, such 
as nectar, lipids, fragrances, trichomes, pollen and 
resins, and various forms of deception (van der Pijl 
& Dodson, 1966; van der Cingel, 2001). Because of 
the unusual floral traits and often unconventional 
pollination attraction strategies, orchids have been *Corresponding author. E-mail: ackerman.upr@gmail.com
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at the forefront to understand floral adaptations to 
pollinators (Johnson & Schiestl, 2016). We also have 
compelling evidence that differences in pollinator 
attraction can lead to reproductive isolation (Hills 1972, 
Williams & Dodson, 1972; Schiestl & Schluter, 2009; 
Xu et al., 2011; Peter & Johnson, 2014; Whitehead & 
Peakall, 2014), and therefore are likely to be important 
contributors to speciation. This highlights the 
importance of pollination biology for unravelling the 
origins of the enormous morphological and taxonomic 
diversity of orchids but also for understanding their 
macro-evolutionary dynamics (Pérez-Escobar et al., 
2017) (Fig. 1).

A hallmark of the orchid family is the high 
proportion of species that employ deceit to attract 
pollinators by exploiting the cognitive and sensory 
abilities of pollinators via chemical, visual or tactile 
stimuli, generally in combination (e.g. van der Pijl 
& Dodson, 1966; Kullenberg & Bergström, 1976; 
Ackerman, 1986; Nilsson, 1992; Jersáková, Johnson 
& Kindlmann, 2006; Renner, 2006; Jersáková, 
Johnson & Jürgens, 2009; Peter, 2011). Estimates of 
the proportion of deceptive orchid species vary from 
25% (Dressler, 1993) to 33% (as ‘nectarless’ in van der 
Pijl & Dodson, 1966) and, more recently, 36% (Peter, 
2011). Orchids exhibit two major forms of deceit. 
The first involves food deception, which may entail 
specific mimicry of a co-occurring rewarding model 
species (known as Batesian mimicry) (e.g. Dafni & 
Ivri, 1981; Kjellsson, Rasmussen & Dupuy, 1985; 
Peter & Johnson, 2008; Scaccabarozzi et al., 2018) or 
generalized food deception where a deceptive species 
exploits innate preferences of insects (e.g. Ackerman, 
1981; Jersáková et al., 2006; Peter & Johnson, 2013). 
The second prevalent form of deceitful pollination is 
sexual deception, where male pollinators are enticed 
to visit flowers that provide visual, tactile and/or 
olfactory signals that are indicative of a female insect 
(Schiestl et al., 1999, 2003; de Jager & Peakall, 2015; 
Bohman et al., 2017). The floral signals can be so 
persuasive that insects attempt copulation and may 
even ejaculate (Blanco & Barboza, 2005; Gaskett, 
Winnick & Herberstein, 2008; Cohen et al., 2021). 
A third means of deception is brood-site deception, 
typically involving mimicry of larval food such as 
mushrooms, dung, carrion or prey to attract female 
flies (Johnson & Schiestl, 2016). Although such means 
of deceit occur in numerous genera of flowering plants 
(Jurgens et al., 2013), to date they have rarely been 
reported for orchids (e.g. Atwood, 1984; van der Niet, 
Hansen & Johnson, 2011; Martos et al., 2015; Jiang et 
al., 2020).

In addition to nectar, orchid flowers offer several 
other types of reward, including floral volatiles, 
trichomes, lipids, pollen, resins and sleep sites 
(Dodson et al., 1969; Goss, 1977; Gregg, 1991; Singer 

& Koehler, 2004; Pansarin & Pansarin, 2010; Davies 
& Stpiczyńska, 2012; Vereecken et al., 2012), none of 
which provides nutrition for the forager. Trichomes, oils 
and pollen are foodstuffs for brood; resins, waxes and 
perhaps oils are for nest construction; floral volatiles 
are for attracting mates. Methods for detecting 
rewards are much more sophisticated than in the past, 
even enabling the discovery of nanogram levels of 
sugar (Reiter et al., 2018). Such overlooked minuscule 
quantities of rewards are being reported with greater 
frequency (e.g. Gomiz, Torretta & Aliscioni, 2017; 
Davies & Stpiczyńska, 2019; Pansarin, 2021) and 
may significantly influence pollinator behaviours and, 
therefore, plant reproductive success (Reiter et al., 
2018).

Most orchids are self-compatible (Tremblay et 
al., 2005), which sets the stage for the evolution of 
autogamy, especially when pollinator services do 
not exist, are infrequent or unpredictable (Ortiz-
Barney & Ackerman, 1999). There is some evidence 
that orchids at high latitudes, on islands and at the 
periphery of their geographical or elevational range 
are more likely to be self-pollinating than at lower 
latitudes or in continental regions, which is congruent 
with the reproductive assurance hypothesis (e.g. 
Hagerup, 1952; Jain, 1976; Ackerman, 1985; Catling, 
1990). The frequency of self-pollination may also 
be habit-dependent. Martén-Rodríguez et al. (2015) 
showed that autonomous self-pollination was higher 
in rupicolous and epiphytic species than terrestrial 
species of Neotropical Gesneriaceae. Is this true for 
orchids as well?

Van der Pijl & Dodson (1966) estimated that more 
than half of all orchid species are pollinated by bees 
(55%), whereas Peter (2011) found no such dominance 
by any one pollinator group (Table 1). Nevertheless, 
Peter (2011) noted that bees were the most reported 
pollinators, serving 40% of orchid species studied. 
According to van der Pijl & Dodson (1966) and Peter 
(2011), Diptera are the second most common taxonomic 
order of pollinators for orchids, and such records are 
likely to increase simply because fly-pollinated orchids 
are understudied, with the pollinators being challenging 
to observe and identify. Furthermore, several species-
rich groups such as Bulbophyllum Thouars (2111 
species; POWO, 2021), Malaxidinae (1255 species; 
Chase et al., 2015) and most Pleurothallidinae (> 5500 
species; Karremans & Vieira-Uribe, 2020) exhibit fly 
pollination syndromes (van der Pijl & Dodson, 1966). 
Similarly, records of moth pollination are also likely to 
increase, especially for orchids pollinated by settling 
moths (smaller, non-hovering Geometridae, Noctuidae 
etc.), a functional group segregated from the large, 
long-tongued hovering moths of Sphingidae (Vogel, 
1954, 2006; Peter & Venter, 2017). Like Diptera, settling 
moths are often challenging to observe and identify.
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Figure 1. Examples of the diversity of orchid pollination strategies. A, Habenaria monorrhiza (Orchidoideae), a Neotropical 
terrestrial, autonomously self-pollinating. B, Ophrys lojaconoi (Orchidoideae), pollinated by Andrena sp. (Andrenidae) 
through sexual deception in Italy. C, Pterostylis orbiculata (Orchidoideae), pollinated by Mycomya sp. (Mycetophilidae) 
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Whether or not specialization or generalization 
predominates among pollination systems has been 
debated in the literature (Waser et al., 1996; Johnson 
& Steiner, 2000), but part of this disagreement stems 
from variation in the prevalence of specialized systems 
among geographical regions and plant families 
(Johnson & Steiner, 2003; Ollerton et al., 2009; Johnson 
& Wester, 2017). Orchids are recognized as a group 
with a high incidence of specialization regardless 
of how it is defined (Nilsson, 1992; Tremblay, 1992; 
Phillips et al., 2020b). Indeed, the literature is replete 
with well-studied orchid species with one or few 
pollinator species (Tremblay, 1992; Ray & Gillett-
Kaufman, 2022). This applies to species representative 
of a range of different pollinator attraction strategies 
(e.g. nectar reward: Johnson et al., 2011; floral 
fragrance reward: Ackerman, 1983a; food deception: 
Peter & Johnson, 2013; sexual deception: Paulus & 
Gack, 1990). In many cases, specialization appears 
to arise from orchids using floral signals targeted at 
a particular pollinator species (e.g. Peter & Johnson, 
2014). However, specialization is reinforced by the 
requirement of pollinators of a specific size to fill the 
gap between the labellum and the column. This means 
that of the range of animal species visiting an orchid 
flower, only a subset of them may be the appropriate 

size and shape to remove and deposit pollen (e.g. Li et 
al., 2008; Phillips et al., 2020b).

With a nearly exponential increase in the number of 
orchid pollination studies since van der Pijl & Dodson 
(1966) (van der Cingel, 1995, 2001; Peter, 2011), we now 
have a much greater understanding of orchid biology, and 
the time to re-appraise the trends is overdue. Therefore, 
we combined data from as many published orchid 
pollination studies as possible to yield a global database 
providing information on 2962 orchid species. Specifically, 
we sought data on breeding systems, means of attracting 
pollinators and the number of pollinators per orchid 
species. From these data, we identify general patterns 
and knowledge gaps limiting our understanding of 
orchid biology at the global level. Specifically, we address 
the following trends in the database. (1) What are the 
frequencies of different means for attracting pollinators, 
and how are they distributed within the family? (2) 
What are the frequencies of different breeding systems? 
(3) What are the diversity and relative frequency of 
animal taxa that serve as pollinators? (4) Do orchids 
show high levels of specificity for pollinators? We then 
explore whether patterns are dependent on plant habit 
(terrestrial or epiphytic) and geography [latitudinal 
zones and Level 1 regions of the International Working 
Group on Taxonomic Databases (TDWG)].

Table 1. Distribution of major groups of orchid pollinators and the frequency of autogamy. Pollinator percentages (in 
italics) of present data add up to more than 100% because some species employ multiple pollinator classes. P&D = van der 
Pijl & Dodson (1966). Exclusively autonomous self-pollination plus agamospermy (‘Selfers’) percentage is calculated from 
the list by autogamy/(chasmogamy + autogamy-mixed pollination) × 100

Source Bees Wasps Moths Butterflies Flies Beetles Birds Others Selfers 

P&D, data 222
68.3

25
7.7

15
4.6

11
3.4

40
12.3

6
12.3

20
6.2

1
0.3

—

P&D, estimates 55 5 8 3 15 — 3 — 3
Peter, 2011 520

39.9
88
6.8

55
4.2

20
1.5

101
7.8

15
1.2

52
4.2

7
0.6

396
30.4

Present data 1006
57.5

224
12.8

141
8.1

62
3.5

383
21.9

72
4.1

60
3.4

15
0.9

468
18.8

through sexual deception in Australia. D, Satyrium parviflorum (Orchidoideae), pollinated by Vietteania sp. (Noctuidae) 
through nectar reward in South Africa. E, Epidendrum piliferum (Epidendroideae), pollinated by Dircenna klugii 
(Nymphalidae) through food deception in Costa Rica. F, Arpophyllum giganteum (Epidendroideae), pollinated by Amazilia 
tzacatl (Trochilidae) through nectar reward in Costa Rica. G, Dracula vinacea (Epidendroideae), pollinated by Zygothrica sp. 
(Drosophilidae) through brood-site deception in Colombia. H, Catasetum saccatum (Epidendroideae), pollinated by Eulaema 
sp. (Apidae: Euglossini) through fragrance collection in Peru. I. Eulophia ensata (Epidendroideae), pollinated by Leucocelis 
haemorrhoidalis (Scarabaeidae) in South Africa. J, Vanilla pompona (Vanilloideae), a vine pollinated by Eulaema cingulata 
(Apidae: Euglossini) through food deception in Costa Rica. K, Cypripedium lichiangense (Cypripedioideae), pollinated by 
Ferdinandea cuprea (Syrphidae) through brood-site mimicry in China. L, Neuwiedia veratrifolia (Apostasioideae), pollinated 
by Trigona laeviceps (Apidae: Meliponini) through pollen rewards in Malaysia. Photographs by A.P. Karremans (A, E, F), A. 
Perilli (B), T. Hayashi (C), C. Peter (D, I), N. Gutierrez (G), L.E. Yupanki (H), C. Watteyn (J), C.C. Zheng (K) and A. Kocyan 
(L). Published with permission from the photographers.
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METHODS

Literature search

We sought information on the reproductive biology of 
orchids, especially pollinator observations, means of 
attraction (including rewards) and breeding systems 
from literature published since Darwin (1877). Our 
cut-off publication date for incorporating information 
into the database for our analyses was 31 December 
2020. We used several means to discover literature 
because many publications on orchid pollination are 
in the ‘orchid literature’ (e.g. orchid society journals), 
which are not often included in the more scholarly-
oriented search engines. Particularly helpful have 
been Bibliorchidea (Jenny, 2007) and the compilations 
of van der Pijl & Dodson (1966); Adams & Lawson 
(1993); van der Cingel (1995, 2001); Pridgeon et al. 
(1999, 2001, 2003, 2005, 2009); Claessens & Kleynen 
(2011), Argue (2012a, 2012b) and online resources, 
notably Webofscience.com, Scopus.com, Scholar.google.
com, Researchgate.com and Academia.net. We also 
used our networks of colleagues and scanned the 
literature cited within the publications accessed. The 
Pollination List, metadata and cited literature in the 
list are publicly available and in Zenodo (Ackerman 
et al., 2022). In addition, we added a few unpublished 
pollination observations by the authors and their 
colleagues documented in photographs, which are 
in the Supporting Information (Fig. S1, evidence of 
pollinators and self-pollination). We did not necessarily 
include every reference we found for a given species if 
the information contained had already been included 
in the entry for a particular species.

Orchid taxOnOmy and habit

We followed the orchid classification of Chase et al. 
(2015), except where otherwise noted. Those exceptions 
usually arise when alternative treatments have had 
wide acceptance in the region where the taxa occur, or 
more recent phylogenetic studies resolve ambiguities. 
Species counts for genera are based on Chase et al. (2015), 
except where more recent counts have been published. 
Unless otherwise noted, our default treatment at the 
species level was Plants of the World Online (POWO, 
plantsoftheworldonline.org). Particularly problematic 
has been the genus Ophrys L. where the number of 
species ranges from ten (Bateman, Sramkó & Paun, 
2018) to 353 (Delforge, 2016), the differences being 
rooted in both methodological and philosophical issues 
(Paulus, 2019; Cozzolino et al., 2020; Bateman et al., 
2021). We have listed pollinators of Ophrys using the 
taxonomy adopted by the authors, as it is easier to 
work plant–pollinator data from narrower to broader 
concepts rather than the reverse, particularly when 
dealing with geographical patterns of variation.

We scored whether an orchid species was 
achlorophyllous, terrestrial, rupicolous or epiphytic or 
a climbing vine. Species that routinely grow in more 
than one category (e.g. some populations are rupicolous, 
others are epiphytic) were assigned to both categories. 
Such information was taken from the references cited 
for that species entry or from floras, monographs or 
other taxonomic literature and internet sources such 
as POWO (2021).

GeOGraphicaL reGiOn

We classified species by both the latitudinal zones in 
which they occur (temperate: > 35.00°; subtropical: 
23.27–35.00°; tropical: < 23.27°) and by TDWG Level 1 
of the World Geographical Scheme for Recording Plant 
Distributions (Fig. 2; Brummitt, 2001). If a species occurs 
in multiple Level 1 regions, then we list them all. We 
conducted our analyses using both geographical systems.

breedinG systems

We follow the recommendations by Neal & Anderson 
(2005) and define breeding systems as those traits 
that influence fertilization (e.g. compatibility/
incompatibility mechanisms). Although breeding 
systems can involve a variety of floral traits such 
as dioecy and dichogamy, we only quantified the 
frequencies of self-incompatibility. We scored a species 
as self-incompatible (SI) if it was tested experimentally 
with hand pollinations that resulted in either 0% fruit 
set or < 5% seed set from self-pollination (all such 
studies included comparisons with cross-pollination). 
A species is scored as self-compatible (SC) if the fruit 
set and seed set exceed those criteria (Agnew, 1986). 
The genetic mechanisms for self-incompatibility are 
known to be variable but are rarely identified (Zhang 
et al., 2021), so we did not record this.

A species was classified as exhibiting autonomous 
self-pollination or agamospermy (similar fruit set 
outcome, but rarely distinguished) on the basis of 
experimental evidence or unusually high fruit set 
with no evidence of pollinators. We scored species as 
chasmogamous if their flowers open and there is no 
evidence of autonomous selfing or if autonomous 
selfing occurs but pollinators are known (mixed 
pollination system). In the latter case, the columns 
for both autogamy and chasmogamy were marked 
as well as the mixed pollination column. Evidence 
for autonomous selfing was categorized based on 
the strength of evidence: we scored ‘1’ if autonomous 
selfing was demonstrated experimentally (pollinator 
exclusion conditions) or ‘2’ if autogamy is assumed 
because (1) flowers are cleistogamous, (2) pollinators 
are unknown and fruit set is exceptionally high, 
(3) if there are observations of pollen tubes coming 
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directly from the anther, (4) lack of a rostellum, (5) 
supernumerary anthers, (6) pollinaria bending down 
to touch the stigma or (7) pollinia (or parts thereof) 
appear to fall onto the stigma.

We tested whether frequencies of autogamous and 
chasmogamous systems varied by habit and latitudinal 
zones using Pearson’s chi-squared analyses. When 
considering growth habit, to reduce bias, we analysed only 
data from the tropics, as epiphytic species are generally 
rare or absent in subtropical and temperate regions. 
However, many rupicolous species also grow as epiphytes, 
so we combined the two growth habits for the analyses.

pOLLinatOr attractiOn strateGies

How pollinators are attracted to orchids may be divided 
into two broad categories: those that offer a reward and 
those that use deception. The rewarding species were 

categorized based on the evidence for their reward 
status. Reward was scored as ‘1’ when the quantity 
or composition of reward was ascertained. When 
evidence for the presence of a reward is inferred on 
the basis of chemical staining, human senses (visual, 
tactile, olfactory or taste), or pollinator behaviour (e.g. 
pollen packed in corbiculae, oil or fragrance collecting 
behaviours of pollinators), then it is scored a ‘2’. Deceitful 
species were classified as either exhibiting food, sexual 
or brood-site deception. Definitions and examples of 
these categories are given in Table 2. We used Pearson’s 
chi-squared test to ascertain whether the frequencies 
of deceit and reward strategies differ among growth 
habits (epiphytic, rupicolous, terrestrial).

identificatiOn Of pOLLinatOrs

Pollinators were included in the database for a given 
orchid species if they had been observed removing 

Figure 2. Frequency distribution of modes of pollinator attraction by TDWG Level 1 continental regions and latitudinal 
zones. Data are from the Pollination List Database. Only the three most common means of pollinator attraction are included. 
A, Frequency of modes of pollinator attraction in TDWG Level 1 regions. The Pacific and Antarctic regions are excluded 
because they have few records. N. Am. = Northern America; Te. A. = Temperate Asia; Tr. A. = Tropical Asia; >1 TDWG = more 
than one TDWG Level 1 region. B, Frequency of modes of pollinator attraction by latitudinal zones. Tropics: < 23.7°; 
subtropics: 23.7–35°; temperate: 35–66.3°. The scale at the margin of each circle represents the number of records.
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or depositing pollen or the vector bore identifiable 
pollinaria in a position on the body that is consistent 
with mechanics of pollinarium removal and deposition, 
a circumstance that applies primarily to euglossine 
bee-pollinated species (Dressler, 1976; Ackerman, 
1983a). Those pollinator reports based on the identity 
of pollinarium loads are indicated as such in the list. 
Studies listing probable pollinators inferred based 
on a floral syndrome are excluded from the list. 
Observations of non-indigenous pollinators are quite 
rare but are included. Species-level taxonomy of 
pollinators follows that of the authors of such studies. 
Higher taxonomic levels are based on entries in the 
Catalogue of Life (www.catalogueoflife.org), except 
when noted otherwise. If the pollinator is not identified 
to species level, but the author indicates that only one 
species is involved, then it is scored as a single species. 
If no indication is given that there is but a single 
species or that there were multiple species of the taxon 
involved, then the taxa or taxon below the identified 
level is left blank.

To obtain an estimate of the frequencies of pollinator 
taxa by subfamilies and subtribes, we obtained the 
proportion of observed orchid taxa pollinated by each 

group of pollinators and extrapolated to the total 
species known for each orchid subfamily and subtribe. 
We also tested for differences in the mean number of 
pollinator species per orchid species among growth 
habits, means of pollinator attraction, TDWG Level 1 
geographical regions and latitudinal zones.

statisticaL apprOach and data visuaLizatiOn

The frequency distributions for the number of pollinator 
species per orchid have long tails, so using traditional 
methods of calculating the mean and variance would be 
biased towards the outliers. Instead, we used ‘Robust 
statistics’ (Wilcox, 2017; Maronna et al., 2019), which 
uses mathematical approaches to reduce the effect of 
outliers on the descriptive and inferential statistics. 
We used the Harrell–Davis estimator (hdpd), which 
calculates the mean location and the quantiles for 
descriptive statistics, and used the R function ‘hdpd’ 
of R package WRS (https://dornsife.usc.edu/labs/
rwilcox/software/) described in Wilcox (2017: p. 123). 
The Harrell–Davis estimator reduces the effect of 
outliers on the central tendencies (median or mean) 
and dispersion parameters (quantiles and SD) using 

Table 2. Definitions of pollinator attraction strategies used in the database. Reward strategies are listed first. References 
are intended as examples, not an exhaustive list

Strategy Definition Example Reference 

Nectar Pollinators consume nectar while visiting the flower Platanthera bifolia (L.) 
Rich.

Nilsson (1983)

Pollen Pollen is collected, which is associated with  
pollination

Neuwiedia borniensis 
de Vogel

Inoue, Kato & 
Inoue (1995)

Trichomes The consumption or collection of trichomes is  
associated with pollination

Polystachya caracasana 
Rchb.f.

Otero & Alomia 
(2016)

Fragrance Collecting or ingesting behaviours of volatile  
compounds by male insects that are later used in 
courtship rituals

Gongora fulva Lindl.
Bulbophyllum patens 

King ex Hook.f.

Dressler (1968a); 
Tan & Nishida 
(2000)

Lipids Lipids are collected by female bees to construct or 
provision nest cells

Gomesa bifolia (Sims) 
M.W.Chase & 
N.H.Williams

Aliscioni et al. 
(2009); Torretta 
et al. (2011)

Sleep sites Primary reason for the pollinator visiting the flower 
is as a site to sleep (‘primary’ allows for possibility 
that the odd individual may seek food or attempt 
to mate with a female that is there to sleep)

Serapias cordigera L. Vereecken et al. 
(2012)

Resins Resins collected by female bees and used for nest cell 
construction

Heterotaxis superflua 
(Rchb.f.) F.Barros

Krahl et al. 
(2019)

Brood-site deception Primary pollen vectors are female insects searching 
for a suitable site to lay eggs (‘primary’ allows for 
the possibility that males may occasionally visit 
and try to mate with approaching females)

Satyrium pumilum 
Thunb.

van der Niet et 
al. (2011)

Food deception Pollinators exhibit food seeking behaviour in the  
absence of a floral reward

Diuris brumalis 
D.L.Jones

Scaccabarozzi et 
al. (2018)

Sex deception Attempted copulation or courtship behaviour  
exhibited with the flower by the pollinator species

Drakaea glyptodon 
Fitzg.

Peakall (1990)
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a bootstrap method (N = 10 000) where the data are 
trimmed (removing the outliers) by 20% posterior to 
the bootstrap (Efron & Tibshirani, 1993). A test of 
comparison of two independent groups was performed 
using Yuen’s method (Yuen, 1974; Wilcox, 2017: p. 169). 
This method is similar to Welsh’s mean comparison 
but adjusted to consider outliers. Whenever we report 
a statistical ‘mean’ we refer to the ‘mean location’.

We performed contingency table analyses to test 
for factor independence using the R package gmodels 
(Warnes et al., 2018) and the function CrossTables. 
Comparison among means of multiple groups was 
made using an ANOVA-type approach that considers 
outliers, as described by Wilcox (2017: p. 326, function 
‘fac2list’), and the post hoc test followed the step-
down multiple comparison of Wilcox (2017: p. 349, 
function ‘lincon’). Plots were made in R Studio with 
the packages circlize, ggplot2 and migest (Abel, 2013; 
Gu et al., 2014; Wickham, 2016; R Core Team, 2020; 
RStudio Team, 2020).

RESULTS

taxa with data and habit distributiOn

We included data from 1211 publications with records 
of some aspect of pollination biology for 2921 orchid 
species representing 416 genera. This represents a 
sample of c. 56% of the genera and 10% of the species 
in the family. Only 83 of those references (0.8 per year) 
were published before van der Pijl & Dodson (1966), 
whereas 1128 were published between 1966 and 2020 
(20.9 per year). All five subfamilies are represented in 
the list, and 23 of 24 tribes (including Apostasioideae 
and Cypripedioideae, neither of which is divided into 
tribes). Xerorchideae is the only tribe not represented. 
In addition, all subtribes are represented except for 
Diceratostelinae, Galeottiellinae and Manniellinae. In 
total, 51% of species in the database were terrestrial 
and 52% of the species grow as epiphytes. Only 7% of 
species were rupicolous, and vines (species of Vanilla 
Plum. ex Mill.) were represented by 0.6% of the species 
with data. Achlorophyllous species accounted for just 
1% of the species (all terrestrials). The percentages 
add up to more than 100% because some species were 
placed in more than one category (mostly rupicolous 
and epiphytic).

GeOGraphicaL representatiOn Of pOLLinatiOn 
studies

Approximate geographical locations are available 
for all the species in the list, and most (1727) are in 
tropical latitudes, followed by subtropical latitudes 
(702 species) and temperate latitudes (585 species). 
The TDWG Level 1 distribution of orchid species 

records are shown in Table 3. Because Level 1 regions 
Pacific and Antarctica (Falkland Islands) only have 
few records (eight and one, respectively), these are 
omitted from analyses using TDWG regions. We found 
that sampling for orchid reproductive biology data is 
heavily biased towards Europe and Northern America 
north of Mexico. Australasia and Africa have 15 and 
20% coverage of their orchid diversity, respectively, 
whereas orchid floras of Temperate Asia, Tropical Asia 
and Southern America, including Mexico are much 
under-represented (Table 3).

breedinG systems

Data on compatibility systems are available for 1076 
species, with 12% of these being SI. Self-incompatible 
species in our list are mostly clustered in three tribes 
and subtribes of Epidendroideae: Epidendreae, 
Pleurothallidinae (SI/SC: 19/45 species); Malaxideae, 
Dendrobiinae (64/92) and Cymbidieae: Oncidiinae (25/29).

We have records for 2466 species that indicate 
whether they are pollinator dependent or not. 
Approximately 81% of species in the database 
received pollinator services, and 76% were entirely 
dependent on pollinators for reproduction. Mixed 
pollination systems occurred in 4.8% of species, 
whereas 19.0% were exclusively autonomously self-
pollinated or agamospermic (Table 1). However, 
there was experimental evidence for only 44% 
of those species considered to be self-pollinated 
or agamospermic. The others were thought to be 

Table 3. Orchid reproductive biology sampling effort 
by geographical region. Regions 6 (Pacific Islands) and 9 
(Antarctica) are excluded because few records of orchid 
reproductive biology exist from those areas. Data for 
Mexico are moved to Region 8 due to weak affinities of 
its orchid flora to the north and overwhelmingly strong 
phylogenetic and biogeographic affinities to the south

TDWG Level 1 region Current 
estimates 

Species 
with data 

Percentage 
coverage 

1 Europe 592a 303 51
2 Africa 2855a 423 15
3 Temperate Asia 2020a 178  9
4 Tropical Asia 9419a 331  6
5 Australasia 1582a 309 20
7 Northern America 

north of Mexico
209b 153 73

8 Southern America 
plus Mexico

14 700a 1236  8

aEstimate from POWO (accessed 7 September 2021).
bEstimate based on the list from North American Orchid Conserva-
tion Center minus the Hawaiian and non-indigenous species (https://
goorchids.northamericanorchidcenter.org accessed 7 September 2021).
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reproducing without pollinator services based on a 
variety of circumstantial evidence (see Methods). 
Most achlorophyllous (holomycotrophic) species 
in the database are autonomously self-pollinated 
(N = 38, 74%). The relative frequencies of the different 
breeding systems used by orchids vary by growth 
habit. For example, the frequency of autonomous self-
pollination plus agamospermy for terrestrial orchid 
species was much higher than expected. In contrast, 
frequencies of pollinator dependent (chasmogamous) 
species were over-represented in epiphytic species 
(chi squared = 109.10, d.f. = 2, P << 0.001; Table 4). 
The relative frequencies of breeding systems also 
varied by latitudinal regions. Temperate orchid 
species were significantly less likely to be exclusively 
and autonomously self-pollinating (or agamospermic) 
than species in subtropical and tropical regions 
(chi-squared test = 56.42, d.f. = 4, P << 0.001; Table 
5). The results were the same when we compared 
temperate orchids and the combination of subtropical 
and tropical species (chi-squared test = 18.13, d.f. = 2; 
P < 0.001.

pOLLinatOr attractiOn strateGies

We found records of 1112 orchid species (54%) in 43 
subtribes that offer pollinator rewards, and about 
half of those (51%) produce nectar. Orchids that 
are pollinated by insect pollinators collecting floral 
fragrances, account for 24% of the rewarding species, 
whereas those that produce floral oils account for c. 
15%. The remaining 10% comprises species that offer 
trichomes (food hairs, pseudopollen), resins, pollen or 
sleep sites (Supporting Information, Table S1).

Deception, including food, brood-site and sexual 
deception, was recorded in 951 (46%) of the species 
for which data on the means of pollinator attraction 
are available. Food deception was the most frequently 
recorded means of deception accounting for 60% of 
deceptive species, with instances of food deception 
distributed across 39 subtribes. Sexual deception 
accounted for 38% of the records for deceit and is 
present in 13 subtribes. We found only 11 reports 
of brood-site deception (1%). Orchidoideae, and 
Orchidinae, especially, are heavily represented in 
the data relative to their species richness, whereas 

Table 4. Orchid pollination systems by growth habit for tropical regions. ‘Autogamous’ includes autonomously 
self-pollinating as well as agamospermous species. ‘Mixed’ refers to mixed pollination systems (species with both 
chasmogamous and autonomous self-pollinating pollination systems or facultatively self-pollinating). ‘Chasmogamous’ 
species are those that are pollinator dependent. Observed values refer to the number of species in the database, Expected 
values are based on Pearson’s chi squared = 109.10, d.f. = 2, P << 0.001

Pollination system  Epiphytic + Rupicolous Terrestrial Row total 

Autogamous Observed
Expected

191
248.4

116
58.6

307

Mixed Observed
Expected

50
60.7

25
14.3

75

Chasmogamous Observed
Expected

887
818.9

125
193.1

1012

Column total 1128 266 1394

Table 5. Orchid pollination systems by latitudinal region. ‘Autogamous’ includes autonomously self-pollinating as well as 
agamospermous species. ‘Mixed’ refers to mixed pollination systems (species with both chasmogamous and autonomous 
self-pollinating systems or facultatively self-pollinating). ‘Chasmogamous’ species are those that are pollinator dependent. 
Latitude zones: temperate 35.0-66.3°; subtropical 23.7–35.0°; tropical < 23.7°. Pearson’s chi squared = 56.42, d.f. = 4, P << 
0.001

Pollination system  Temperate Subtropical Tropical Row total 

Autogamous Observed
Expected

77
102.0

39
71.6

313
255.4

429

Mixed Observed
Expected

47
31.6

11
22.2

75
79.2

133

Chasmogamous Observed
Expected

442
432.3

347
303.3

1029
1082.4

1818

Column Total 566 397 1417 2380
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Epidendroideae, particularly Pleurothallidinae and 
Dendrobiinae, are under-represented (Fig. 3).

In our database, the distribution of the three basic 
types of pollinator attraction (reward, food deceit, 
sexual deceit) are not distributed evenly among the 
TDWG Level 1 (‘continental’) regions. Food reward 
and deceit comprise most of the records for all regions 
except Europe and Australasia, where the greatest 
number of records involve species pollinated via 
sexual deceit (Fig. 2A). Types of pollinator attraction 
are also unevenly distributed by latitude. Orchids 
in tropical latitudes (< 23.7°) mostly offer rewards 
or employ food deceit. Those residing in subtropical 
latitudes (23.7–35.0°) have attraction strategies more 
equitably distributed among reward, food deceit and 
sexual deceit. Orchid floras at temperate latitudes 
(35.0–66.3°) are striking in the dominance of records 
of sexual deceit, despite the lack of sexual deception 
records in Northern America (Fig. 2B). The frequency 
of deceit and reward strategies are dependent on 
growth habit (epiphytic, rupicolous, terrestrial), with 
deceitful means of pollinator attraction dominating 
among terrestrial species and the provision of 
rewards dominating among epiphytic species (chi 
squared = 268.7, d.f. = 2, P << 0.0001).

pOLLinatOr GrOups

Data on the identity of pollinators are available for 
1758 species of orchids, representing just 6% of the 
family. Hymenoptera are the most reported higher 
taxonomic group of pollinators and are involved in 
the pollination of members of all five subfamilies (Fig. 
4). However, when using the percentages of known 
pollinators at the subtribe level to infer the expected 
pollinator services of unstudied species, we found 
that Hymenoptera potentially interacts with > 8600 
orchid species and Diptera with > 8000 orchid 
species. Hymenoptera interact with more subfamilies 
(five) and subtribes (51) than Diptera (subfamilies 
three, subtribes 29). However, Diptera are involved 
in the pollination of the most species-rich subtribes 
such as Dendrobiinae (mostly Bulbophyllum 
Thouars), Malaxidinae and Pleurothallidinae (Fig. 
5; Supporting Information, Fig. S2, heatmap of 
pollinator orders by orchid subtribes; Supporting 
Information, Fig. S3, heatmap of pollinator families 
by orchid subtribes; Supporting Information, Fig. 
S4, expected distribution of pollinator orders among 
subtribes).

Approximately 8% of orchids in our database are 
pollinated by Lepidoptera (settling and hovering 
moths combined; Table 1). The two groups were 
recorded with approximately equal frequency as 
butterflies. Much less reported as pollinators were 
Coleoptera (beetles) and Aves (birds; Apodiformes 

and Passeriformes) (Table 1; Fig. 5). Beetles were 
pollinators of 4.1% of orchid species and were 
mostly represented by species in Scarabaeidae, 
Cerambycidae and Oedemeridae, but 16 other 
families also served as pollen vectors (Supporting 
Information, Fig. S4, heatmap of pollinator families 
by orchid subtribes). Just 3.5% of the pollinator 
data were recorded being pollinated by birds. 
Nectar feeding birds that pollinate orchids include 
passerines and hummingbirds, the latter of which 
accounts for 45 of the 60 records.

We have placed all unusual records of pollinators 
under the ‘miscellaneous’ category, which includes 
Thysanoptera (thrips), Orthoptera (crickets), 
Hemiptera (true bugs), Araneae (spiders), Squamata 
(lizards) and Rodentia (mice). Most of these appear to 
be incidental or at most minor pollinators, but others 
seem to serve as primary pollinators (e.g. Orthoptera: 
Micheneau et al., 2010; Rodentia: Wang et al., 2008). 
While such incidences are intriguing, they are clearly 
outliers in the orchid pollinator community.

patterns in numbers Of pOLLinatOrs

The number of pollinator species recorded per orchid 
species is strongly skewed to the right, with orchids 
having just a single known pollinator outnumbering 
the next category (two pollinators) by a margin of 
approximately three to one (Fig. 6). The median 
number of pollinator species is one, but the mean is 
3.03 due to the skewed nature of the data. Outliers 
include a few supergeneralist species, such as Neottia 
ovata (L.) Bluff & Fingerh. (five orders, 34 families, 
162 pollinator species), Epipactis palustris (L.) Crantz 
(four orders, 41 families, 136 species) and Anacamptis 
pyramidalis (L.) Rich. (four orders, 14 families, 75 
species).

The statistical dispersion of the number of pollinators 
per species differs among subfamilies (Supporting 
Information, Fig. S5). The subfamilies with the 
highest number of known pollinators per orchid 
species, Cypripedioideae, Vanilloideae, Apostasioideae 
(mean number of pollinators = 1.440, 1.339 and 1.173, 
respectively), are also those with the fewest number 
of records (N = 39, 27, 3, respectively) and the most 
variable highest probability density intervals. The 
two most species-rich subfamilies, which are the 
two most intensely sampled, Orchidoideae (mean 
location = 1.100, N = 647) and Epidendroideae (mean 
location = 1.098, N = 655), have virtually the same 
mean but the former subfamily is more variable.

The number of known pollinator species varies 
with growth habit (Fig. 7). Orchid species that are 
rupicolous and species with multiple habits exhibit 
the most interspecific variation in the number of 
pollinator species. On average, terrestrial species have 
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the highest number of known pollinators (mean = 3.8; 
median = 1, N = 827), whereas epiphytic species are 
more specialized (mean = 1.9 median = 1, N = 469). 
Because of the highly skewed data resulting from 
some species having many pollinators, the mean is 
not a good representation of the central tendencies, 
and a more appropriate method is the Harrell–Davis 
estimator, which provides a mean for the number 
of pollinator species for both groups [terrestrial: 
mean = 1.7 (confidence interval, CI = 1.6–1.8), 
epiphytes: mean = 1.3 (CI = 1.2–1.4)]. The confidence 
intervals do not overlap and the difference between 
terrestrial and epiphytic species is significant (Yuen’s 
test, test-statistic = 4.89, d.f. = 710, P << 0.001).

The number of known pollinator species per orchid 
also varies geographically. Overall, the median number 
of pollinator species per orchid species is one, and that 
pattern persists in most regions of the world; however, 
the frequency distributions by geographical region 
are all skewed to the right (Fig. 6A). Our geographical 

analysis indicates that the TDWG Level 1 regions 
differ significantly for the number of pollinator species 
per orchid species (test score = 15.12, P << 0.0001). 
Orchids of Australasia had the lowest mean number of 
pollinator species whereas Northern America had the 
most. In paired comparisons (adjusted p for multiple 
comparisons), both regions were significantly different 
in five paired comparisons (Supporting Information, 
Table S2). Because TDWG Level 1 ‘continents’ can 
include temperate to tropical regions, we also examined 
number of pollinator species by latitudinal zone and 
found that the frequency distributions were similarly 
skewed as those for TDWG regions (Fig. 6B).

The number of known pollinator species also 
varies by modes of pollinator attraction (Fig. 8). 
Unsurprisingly, chasmogamous species with sexual 
deceit strategies consistently have the fewest 
number of pollinator species (mean location = 1.0, 
CI = 1.0–1.0). In general, those that produce a nectar 
reward have significantly more pollinators (mean 

Figure 3. Observed and expected distribution of pollinator attraction strategies among subfamilies. A, Major orchid 
subfamilies and frequencies of their known pollinator attraction strategies. The scale at the margin of the circle represents 
the number of records. B, Expected frequencies between the major orchid subfamilies and pollinators, extrapolating the 
proportion of known strategies with the total known orchid species in each subfamily. The scale at the margin of the circle 
represents the total number of known species of the genera in each subfamily with pollination records.
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location = 2.04, CI = 2.0–2.6) than any other category 
of rewards (mean location = 1.0, CI = 1.0–1.1, Yuen’s 
test = 6.14, d.f. = 271, P << 0.0001), including non-
nectar forms of reward, which by their nature are 
relatively specialized rewards (e.g. volatile chemicals 
that attract orchid bees in the Neotropics and fruit 
flies in Tropical Asia). For orchid species with deceitful 
strategies, sexual deceit generally involves attracting 
one known pollinator species (mean location = 1, 
Fig. 8) with a confidence interval that is also one. In 
contrast, orchid species using food deceit tended to 
have more pollinator species, though this was more 
variable (mean location = 1.67, CI = 1.03–1.97). The 
difference in the number of pollinators between food-
deceptive and sexually deceptive orchids is highly 
significant (Yuen’s test, P << 0.0001) when data from all 
subfamilies are pooled and when data are separated by 
subfamily. In pairwise contrasts of the two subfamilies 
(Orchidoideae and Epidendroideae) that have both sex 
and food deceit modes of pollinator attraction reveals 
all combinations are significantly different, except the 
comparison of the two subfamilies by sex deceit (Table 
6; Supporting Information, Table S3).

DISCUSSION

In the 55 years since the publication of the seminal 
work of van der Pijl & Dodson (1966) on orchid 

pollination, the community of orchid biologists has 
expanded globally and the number of published studies 
in orchid reproductive biology has grown accordingly 
(Peter, 2011; Ray & Gillett-Kaufman, 2022). As a 
result, the coverage of orchid species for which we 
have reproductive data has increased five-fold since 
1966, and with a few striking exceptions, many of the 
observed patterns described in van der Pijl & Dodson 
(1966) have stood the test of time. Nonetheless, we 
identify patterns that differ from expectations, gaps 
in our knowledge and hypotheses to be tested in the 
future.

representatiOn Of Orchid species in the 
database: habit and GeOGraphy

In our survey, half of the species records with rep-
roductive data are epiphytic. However, appro ximately 
72% of orchid species are epiphytic (Gravendeel et 
al., 2004), so these species are signi ficantly under-
represented in orchid pollination studies. This bias 
is unsurprising as it is often challenging to access 
and observe epiphytic plants. Furthermore, most 
orchid pollination biologists work in regions where 
orchid epiphytes are either rare or absent. Indeed, 
geographical biases concerning the number of studies 
undertaken are prevalent in the data. Temperate 
and subtropical latitudes are overly represented in 

Figure 4. Percentage of orchid species using various pollinator groups in each subfamily. Minor pollinator groups are 
excluded (Aranae, Thysanoptera, Orthoptera, Hemiptera, Squamata, Rodentia). Percentages do not necessarily add to 100% 
since minor pollinator groups are excluded or some species are pollinated by multiple pollinator groups.
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terms of the proportion of orchid species studied, 
largely because of the intense research activities 
in South Africa, southern Australia, Europe and 
Northern America north of Mexico (see also Ray & 
Gillet-Kaufman, 2022). Severely under-represented 
are tropical regions of Africa, Southern America, 
Temperate Asia and Tropical Asia (Table 2). Four 
decades ago, the orchid family had 19 616 described 
species (Dressler, 1981), which has increased by 
56% to a current estimate of 30 543 (POWO, 2021). 
The increases are probably not proportionately 
distributed across the globe. The regions that are 
under-represented in our survey are those where 
biotas are most poorly sampled and where we can 
expect most new species to be discovered (Raven et 
al., 2020; Hughes et al., 2021). Such biases would only 
exacerbate the under-representation of those tropical 
regions unless a concerted research effort on orchid 
reproductive biology is made.

breedinG systems

The predominance of SC species may be a characteristic 
of the orchid family. While analyses testing for features 
associated with the evolution of self-incompatibility 
in orchids are yet to be undertaken, one might expect 
that self-incompatibility is more likely to evolve when 
multiple flowers are open at a time on a plant when 
flowers have no mechanism for dichogamy (another 
aspect of breeding systems, but not quantified here) to 
enhance the probability of cross-pollination, and when 
pollen and seed dispersal is limited (e.g. Furstenau 
& Cartwright, 2017). Furthermore, if one considers 
that most orchids (especially epiphytes) occupy 
habitats or substrates that are ephemeral, depend 
on dispersal-driven metapopulation dynamics and 
are pollinator- and seed-limited (Ackerman, Sabat & 
Zimmerman, 1996; Tremblay et al., 2005; Tremblay, 
Meléndez-Ackerman & Kapan, 2006; Laube & Zotz, 
2007; Winkler, Hülber & Hietz, 2009; Cruz-Fernández, 

Figure 5. Observed and expected distributions of pollinator groups among subfamilies. Frequency of observed interactions 
of an orchid taxon is extrapolated to the total known species of the given taxon, which is provided on the scale at the margin 
of each circle. A, Observed frequencies of pollinator groups among subfamilies. B, Predicted frequencies of pollinator groups 
among subfamilies.
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Alquicira-Arteaga & Flores-Palacios, 2011; Acevedo et 
al., 2015; Rasmussen & Rasmussen, 2018; Ackerman, 
2019; Djordjevic & Tsiftsis, 2020), self-incompatibility 

would seem to be a counter-productive strategy for 
species that are so dependent on their colonizing 
capabilities (Baker, 1955). Nonetheless, three subtribes 
of Epidendroideae (Dendrobiinae, Oncidiinae and 
Pleurothallidinae) with relatively high SI frequencies 
are primarily epiphytic, so the driver of SI in orchids 
is not yet apparent. On the other hand, widespread 
SC in the family may have led to breeding systems 
involving floral traits that enhance the probability 
of outcrossing in orchids, including deception and 
pollinarium reconfiguration (e.g. Jersáková et al., 
2006; Peter & Johnson, 2006). It was evident to Darwin 
(1862) and quite clear today that orchids have taken 
a multitude of pathways to enhance the probability of 
outcrossing.

Van der Pijl & Dodson (1966) estimated that about 
3% of the species in the family are autogamous. In 
contrast, our database shows that 19% of the species 
for which we have data are exclusively autonomously 
selfing or agamospermic (and 81% are chasmogamous). 
The 573 species that we have reported represent a 
64% increase over Catling’s (1990) study and a 45% 
increase over Peter’s (2011) review. We think that 3% 
is an underestimate, but we also suspect our numbers 
are biased in favour of detecting autogamy for at least 
three reasons. First, early efforts to record cases of 
self-pollination may have been inspired by attempts to 
discredit one of the cornerstones of Darwin’s theory of 
natural selection, in which he states ‘nature … abhors 
perpetual self-fertilisation’ (Darwin, 1876; Catling, 

Figure 6. Frequencies of pollinator species per orchid by geographical regions. Specificities represent the number of 
pollinator species for each species. A, Specificity by TDWG Level 1 regions; specificities are cropped at four as beyond that 
the frequencies are very low and skewed (see Fig. 6). B, Specificities (N) by latitudinal zones; tropics: < 23.7°, subtropics: 
23.7–35°, temperate: 35–66.3°; y axis is the number of pollinator species cropped at nine.

Figure 7. Mean location and highest density intervals for 
the number of pollinators per orchid species by growth habit. 
Sample sizes: terrestrial species N = 819; rupicolous N = 16; 
epiphytic N = 465 and multiple habits (multi-habit) N = 68.
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1990). Secondly, many of these cases come from high 
latitudes or from islands where self-pollination is more 
common than on continental areas of similar latitudes 
(e.g. Schlechter, 1914; Smith, 1928; Ackerman, 1985; 
Catling, 1990). Finally, but perhaps most importantly, 
55% of our data on pollinator-free fruit and seed 
production is based on indirect evidence rather than 
experimentally derived conclusions. Nevertheless, 
our figure of 19% may be reasonable if one-third of 
flowering plants are indeed self-pollinating (Allard, 
1975, cited by Allem, 2004).

Our data indicate that autonomous self-pollination 
in the orchid family is more common among 
terrestrial species than epiphytic and rupicolous 

species. Neotropical Gesneriaceae show the opposite 
trend (Martén-Rodríguez et al., 2015), suggesting 
that frequency patterns of breeding systems are not 
transferable across higher taxa with similar growth 
habits. The relatively low frequency of autonomous 
self-pollination among epiphytic orchids may be the 
result of high frequencies of SI in species-rich subtribes 
heavily populated with epiphytic species.

Autonomous self-pollination is advantageous when 
pollinator services are either absent or unpredictable, 
such as at high latitudes or elevations and on 
islands (Müller, 1883; Hagerup 1952; Ackerman, 
1985; Jacquemyn et al., 2005). Surprisingly, among 
terrestrial species in our database, the relative 

Figure 8. Frequency distributions for number of pollinator species among modes of pollinator attraction. Only those 
categories that have > 30 orchid species are included. Data for number of pollinators are cropped at four as beyond that 
number the frequencies are highly skewed to the right (see Fig. 6).
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frequency of autonomously self-pollinating species 
was high in tropical regions, perhaps indicating 
that pollinator services are irregular in the tropical 
forest understorey or at high elevations, so selection 
for reproductive assurance strategies may be more 
pervasive.

The high specialization of pollination systems in 
orchids makes them an interesting group to study 
the evolution of self-pollination. Relying on one or 
few pollinator species not only can leave populations 
vulnerable to local shortages of suitable pollinators, 
but also constrain expansions of geographical ranges 
(Pauw & Hawkins, 2011; Duffy & Johnson, 2017; Reiter 
et al., 2017). Furthermore, orchids reliant on pollen 
vectors typically experience strong pollen limitation 
(mean of 37.1% pollination rate for rewarding species, 
20.7% for rewardless species; Tremblay et al., 2005). 
As such, orchids may evolve self-pollination to gain 
reproductive assurance when outcrossing fails to 
overcome the automatic selective advantage of self-
pollination (e.g. Ortiz-Barney & Ackerman, 1999; 
CaraDonna & Ackerman, 2012). This could explain 
unusual situations where we see orchids with highly 
modified flowers exhibit self-pollination. For example, 
some members of the Australasian genus Calochilus 
R.Br. attract scoliid wasps via sexual deception 
(Fordham 1946; Jones & Gray, 1974; Bower & 
Branwhite, 1993) but are facultatively self-pollinating 
(Cady, 1972).

pOLLinatOr attractiOn: rewards

A long-held notion is that approximately two-thirds of 
the orchid family use some type of reward to attract 
pollinators (van der Pijl & Dodson, 1966; Shrestha et 
al., 2020). Such plants often have higher visitation 
rates and higher fruit production than rewardless 
orchids (Neiland & Wilcock, 1998; Tremblay et 

al., 2005). Our data suggest that reward-offering 
strategies are less prevalent than initially thought 
(two-thirds of the species in the family; van der Pijl & 
Dodson, 1966). Among chasmogamous species, 54.2% 
(N = 1946) of orchids in our database use rewards to 
attract pollinators. However, these rewarding species 
are not evenly distributed geographically. Rewards 
are the dominant or co-dominant means of pollinator 
attraction in most TDWG Level 1 regions with 
orchids. Because these regions can span temperate to 
tropical latitudes, we also analysed the frequencies 
of reward-offering orchids by latitude. This approach 
revealed rewards as the most reported means of 
pollinator attraction in orchids of both tropical and 
subtropical regions (Figs 1, 2). Given those results, 
it is not surprising that orchids offering rewards 
are over-represented among epiphytes and under-
represented among terrestrial species. Whether or 
not these results reflect differences in the abiotic and 
biotic environments, geological history or phylogenetic 
constraints remains to be assessed.

We recorded eight types of pollinator reward, and, 
as expected, nectar is the most common (Supporting 
Information, Table S1). In orchids, fragrance is 
the second most common reward, which is largely 
attributable to well-studied genera pollinated by 
male euglossine bees (Apidae) in the Neotropics (e.g. 
Dressler, 1968a) and Bulbophyllum spp. pollinated 
by fruit flies in Tephrididae in Tropical Asia (e.g. 
Tan, 2006; Ong, 2011). Numerous records of rewards 
(nectar, resins, oils) are based on non-traditional 
methods that sometimes detect minute quantities of 
these substances (e.g. Gomiz et al., 2017; Reiter et al., 
2018, 2019a, b; Davies & Stpiczyńska, 2019; Pansarin, 
2021). We have scored these minute quantities as 
rewards, and indeed the pollinators may perceive 
them as such. When pollinators are small (e.g. many 
Hymenoptera such as some braconid and ichneumonid 
wasps, Trigona and Paratetrapedia bees and many 
flies such as Mycetophilidae, Sciaridae, Drosophilidae 
and Tephrididae), minute rewards may be sufficient to 
maintain pollinator interest through significant gains 
relative to energetic costs, although not necessarily so 
(Ackerman & Mesler, 1979; Karremans et al., 2015; 
Bogarín et al., 2018). Alternatively, when pollinators 
are large and have high energy needs (e.g. bees of the 
genera Eulaema and Xylocopa, birds and hovering 
moths of Sphingidae), small rewards may be nothing 
more than teasers. They could be part of a deceitful 
strategy to entice pollinators to visit more than just 
one or few flowers (e.g. Watteyn et al., 2021). This may 
also be the case where some plants in a population 
produce nectar whereas others do not [Rodriguezia 
granadensis (Lindl.) Rchb.f.: Ospina-Calderón et al., 
2015; Caladenia nobilis Hopper & A.P.Br.: Phillips et 
al., 2020b]. The gain for orchids can be detectable, but 

Table 6. Number of pollinator species for varying modes 
of deceit for Epidendroideae and Orchidoideae. The 
confidence intervals for quantiles and median location 
are estimated using the Harrell–Davis method, which is 
a bootstrap process followed by trimming of 20% of the 
data at the lower (LCI) and upper (HCI) intervals of the 
distribution to remove outliers. Sample size is given as ‘N’. 
Only orchid species whose pollinators have been identified 
to species level are included. See Supporting Information, 
Table S3 for tests of pairwise comparisons

Subfamily Deceit type Median LCI HCI N 

Epidendroideae Sexual deceit 1.11 1.000 1.65 7
Epidendroideae Food deceit 1.03 1.001 1.50 194
Orchidoideae Food deceit 2.26 1.980 3.46 95
Orchidoideae Sexual deceit 1.00 1.000 1.00 326
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the benefit to the pollinator is more difficult to assess 
(Ackerman, Rodríguez-Robles & Meléndez, 1994). We 
do know that nectar-addition experiments in species 
with meagre or no rewards fail to increase pollinator 
visits and fruit production or result in an increase 
in geitonogamous pollinations with reduced viable 
seed production (Salguero-Faría & Ackerman, 1999; 
Smithson & Gigord, 2001; Johnson, Peter & Ågren, 
2004; Jersáková & Johnson, 2006).

pOLLinatOr attractiOn: deceit

Excluding autogamous species, a deceitful means of 
pollinator attraction is used by 46.1% of the species for 
which we have data. For both terrestrial and epiphytic 
species, the most common form of deceitful attraction 
is food deception, which was used by 28.5% of orchids in 
the database. Bees, wasps, flies, moths, butterflies and 
beetles are among the victims of this deceit. Sometimes 
this involves mimicry of a co-occurring rewarding 
plant (e.g. Kjellsson et al., 1985; Johnson, 2000; Peter 
& Johnson, 2008), but in most species, it is generalized 
food deception. Here deceit operates by exploiting 
innate foraging preferences of their pollinators 
without mimicking a specific model (Heinrich, 1975; 
Ackerman, 1981, 1986; Steiner, 1998; Jersáková et al., 
2006). However, the boundaries of this dichotomy can 
become blurred for several reasons (Johnson et al., 
2003), including the following: (1) some orchid species 
crudely mimic a guild of morphologically similar 
species (e.g. Jersáková et al., 2016; Scaccabarozzi et 
al., 2018); (2) evidence is consistent with multiple 
hypotheses of pollinator attraction (Ackerman, 1983b) 
and (3) broad-scale convergent evolution of floral traits 
has occurred to attract the pollinator(s) in question 
(Johnson, Alexandersson & Linder, 2003; Jersáková et 
al., 2009; Papadopulos et al., 2013).

Pollination by sexual deceit has been reported for 22 
orchid genera, representing all TDWG Level 1 regions 
of the world except Northern America and Antarctica. 
While the first sexually deceptive systems studied 
in detail involved bees and wasps (Coleman, 1928; 
Ames & Ames, 1937; Kullenberg, 1961; Stoutamire, 
1975; Paulus & Gack, 1990; Singer, 2002), there is now 
a range of animal groups known to be exploited via 
sexual deception including ants (Peakall, 1989), three 
families of fungus gnats (Blanco & Barboza, 2005; 
Phillips et al., 2014; Reiter et al., 2019c), tachinid 
flies (Martel et al., 2016) and three families of beetles 
(Arakaki et al., 2016; Joffard et al., 2019, 2020; Cohen 
et al., 2021). A single genus, Ophrys of the European/
Mediterranean region, accounts for 55% of the species 
with pollinator records, a percentage that may be 
inflated because of taxonomic uncertainty (e.g. Chase 
et al., 2015; Delforge, 2016; Bateman et al., 2018; 
POWO, 2021). Most of those records involve bees in 

the families Apidae, Andrenidae and Megachilidae. 
Other reports of sexual deception primarily come from 
11 Australian genera, several of which are pollinated 
by male thynnine wasps (Thynnidae).

At present, most documented cases of sexual deception 
involve bees and wasps. However, the sleeping giant of 
sexual deception is the Neotropical genus Lepanthes 
Sw. We have pollinator data for only ten of the 1158 
species of the genus, all of which are pollinated by 
fungus gnats via means of pseudocopulation. The 
floral feature critical to the mechanics of successful 
pollen transfer is the size, shape and hirsuteness of 
the minute mid lobe of the labellum (‘appendix’ of 
Carlyle A. Luer’s terminology) (Blanco & Barboza, 
2005; Karremans & Díaz-Morales, 2019; Vieira-Uribe 
& Moreno, 2019). This morphological feature occurs 
in most Lepanthes spp. (Luer & Thoerle, 2012), so we 
expect sexual deceit to be much more widespread in 
this genus than recognized in the literature. However, 
testing this prediction will probably take a long 
time as observations have been serendipitous and 
are generally challenging to accomplish. Although 
not as diverse as Lepanthes, a similar situation may 
exist in the species-rich Australasian terrestrial 
genus Pterostylis R.Br., in which recent work has 
suggested that sexual deception of fungus gnats may 
predominate in several major clades in the genus 
(Phillips et al., 2014; Reiter et al., 2019c). Given that 
there are unstudied species in the tropics with flowers 
that are similar to the sexual deception syndrome [i.e. 
reduced floral parts, dull-coloured, often insectiform 
flowers such as some species in Andinia (Luer) Luer, 
Cottonia Wight, Telipogon Kunth and Trichoceros 
Kunth], it seems likely that additional genera using 
sexual deception remain to be discovered.

pOLLinatOr GrOups used by Orchids

The frequency of orchids pollinated by different 
pollinator groups, as observed or estimated by van der 
Pijl & Dodson (1966), came remarkably close to our 
own tally (Table 1). Hymenoptera remains the most 
common participant in orchid pollination, especially 
in the families of the order Apoidea (mostly Apidae, 
Colletidae, Halictidae and Megachilidae). Apoidea 
contain several functional groups (e.g. solitary vs. 
social, long-tongued vs. short-tongued, large vs. small 
body size, bees vs. wasps vs. sawflies) worthy of a more 
specific analysis.

The largest difference between our data and that 
of van der Pijl & Dodson (1966) is in their estimate 
for orchids pollinated by dipterans (15%), whereas our 
count reached 20%. We expect that number to climb 
as observations are published for species-rich tropical 
groups such as Pleurothallidinae (> 5500 species; 
current count: 149/156 species pollinated by Diptera), 
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Malaxidinae (1255 species; current count: 6/6 pollinated 
by Diptera) and Bulbophyllum (> 1800 species; 47/49 
species pollinated by Diptera). When extrapolating the 
percentages of known pollinators with the total known 
orchid species by subtribe, we found that Hymenoptera 
and Diptera potentially interact with a similar number 
of orchid species. Whereas Hymenoptera pollinate 
a high diversity of orchid subfamilies and subtribes, 
Diptera are involved in the pollination of the most 
species-rich groups in the family. As for Hymenoptera, 
we have not created multiple categories of Diptera, 
which could be divided into a variety of functional 
groups such as long-proboscid flies (Bombyliidae, 
Nemestrinidae, Tabanidae), flower flies (Syrphidae), 
carrion flies (Calliphoridae), fruit flies (Drosophilidae, 
Tephrididae) and fungus gnats (Keroplatidae, 
Mycetophilidae, Sciaridae), each of which has their 
own behavioural and anatomical peculiarities reflected 
in suites of characteristics of the flowers they pollinate 
(e.g. van der Pijl & Dodson, 1966; Johnson, 2006; Ong, 
2011). Indeed, the number of dipteran families (c. 50) 
that pollinate orchids is quite remarkable (Supporting 
Information, Fig. S2).

Lepidoptera pollinate c. 10% of the orchids that 
have been studied, 85% of which are nectar-producing 
species. The frequency of deception is about twice as high 
among butterfly-pollinated orchids (37% of 64 species) 
as those pollinated by moths (19% of 141 species). 
The diversity of orchids pollinated by Lepidoptera is 
greatest in the tropics, particularly for butterflies, and 
there are relatively few orchid species from temperate 
and subtropical latitudes that commonly use them as 
pollen vectors (e.g. Gymnadenia R.Br., Platanthera 
Rich. subgenus Fimbriella (Butzin) Efimov and some 
species of Disa P.J.Bergius and Calanthe R.Br.; Smith 
& Snow, 1976; Johnson & Bond, 1994; Chapurlat et al., 
2018; Luo et al., 2020). Like Diptera, Lepidoptera are 
another group of orchid pollinators that may increase 
in frequency with further observation, particularly for 
the large Neotropical genus Epidendrum L. s.l. (1800 
species; Karremans, 2021). Many members of this 
genus have nocturnally fragrant and green or white 
flowers, suggesting pollination by settling or hovering 
moths (Goss & Adams, 1976; Ackerman & Montalvo, 
1990), or odourless to the human nose and colourful 
(e.g. yellow, orange, red, pink, purple and combinations 
of these colours), traits more typical of butterfly-
pollinated flowers (e.g. Bierzychudek, 1981; Almeida & 
Figueiredo, 2003).

Coleopterans have rarely been considered important 
orchid pollinators and are typically regarded as 
an incidental component of the pollinator fauna 
in communities where generalist plant–pollinator 
interactions are common (e.g. Europe, North America; 
Nilsson, 1978; Steiner, 1998; Arakaki et al., 2016). 
However, an increasing number of orchids are being 

revealed to be specialized for beetle pollination (e.g. 
Peter & Johnson, 2006), even though some, on the 
basis of floral syndrome traits of morphology and 
colour, were predicted to be bee pollinated. Examples 
include the terrestrial Cyanicula gemmata (Lindl.) 
Hopper & A.P.Br. (Peakall, 1987) and the epiphytic 
Myrmecophila thomsoniana (Rchb.f.) Rolfe (Rose-
Smyth, 2019). On the other hand, pollinator-mediated 
selection has produced two forms of Eulophia parviflora 
(Lindl.) A.V.Hall, one of which is specialized for beetle 
pollinators in an otherwise bee-pollinated clade (Peter 
& Johnson, 2014).

Most records of bird pollination of orchids are from 
tropical and subtropical regions. In the Western 
Hemisphere, primarily in the tropics, hummingbirds 
(Apodiformes: Trochilidae) are the only recorded avian 
pollinators of orchids, where they pollinate members 
of the two largest subfamilies, Epidendroideae and 
Orchidoideae, involving terrestrial, rupicolous and 
epiphytic species (e.g. Rodríguez-Robles, Meléndez & 
Ackerman, 1992; Singer & Sazima, 2000; Supporting 
Information, Figs S3, S5). In contrast, Passeriformes 
are pollinators of orchids in TDWG Level 1 regions 
of Africa (sunbirds: Nectariniidae; white-eyes: 
Zosteropidae) and probably Tropical Asia. Indeed, 
some of the most detailed studies of bird pollination 
in orchids are from the Africa region (e.g. Johnson, 
1996; Micheneau et al., 2008; Johnson & van der Niet, 
2019). To date, there are no reports of bird pollination 
of orchids in Australia, New Zealand or New 
Guinea, despite the prevalence of bird pollination, 
particularly honeyeaters (Melephagidae), in other 
plant families (Armstrong, 1979; Phillips et al., 
2010). Similarly, reports of bird pollination of orchids 
in Asia are few (Liu et al., 2013), although it is likely 
that sunbirds and other families may be more widely 
involved in pollination. Based on the floral syndrome 
exhibited by some Dendrobium Sw. in Tropical Asia 
and New Guinea (Slade, 1962), bird pollination is 
probably more widespread in this region than is 
currently documented. Only 16% of 62 orchid species 
pollinated by birds employ deception, and only 
three of those deceitful orchids (5%) are exclusively 
pollinated by them, which is much less than the 
overall frequency of deception pollination (46.1%) in 
the family. Compared with insects, birds appear to 
be less prone to exploitation by the deceitful antics 
of many orchids.

specificity Of pOLLinatiOn systems

Orchids are thought to have a high incidence of 
specialized pollination strategies, with many species 
attracting just one or few pollinator species (Tremblay, 
1992; Ray & Gillett-Kaufman, 2022). Our analysis 
confirmed that the median number of pollinator 
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species for orchid species is one. High specialization on 
pollinators would suggest higher risk of extinction (e.g. 
Waser et al., 1996), particularly in anthropogenically 
modified landscapes (Pauw & Hawkins, 2011). The 
relationship among orchid pollinator specificity, 
diversification rate and extinction risk should be a 
fruitful avenue of inquiry, but this has rarely been 
explicitly addressed (e.g. Ackerman & Roubik, 2012; 
Givnish et al., 2015).

Although orchids with few pollinator species 
occur in all subfamilies, there are some differences 
among clades. In the most species-rich subfamily, 
Epidendroideae, the early-branching tribe Neottieae 
exploit a broad range of pollinator taxa. In contrast, 
members of other clades tend to interact with a 
narrower taxonomic group of pollinators (Supporting 
Information, Figs S3, S6, Epidendroideae and 
pollinator families). Neottieae also include many of 
the most generalist species (e.g. species of Epipactis 
Zinn and Neottia Guett.). For the other subfamilies, 
the relationship between the number of pollinator 
families and orchid subtribes is not so obvious 
(Supporting Information, Fig. S7, Apostasioideae, 
Vanilloideae, Cypripediodeae and pollinator families; 
Supporting Information, Fig. S8, Orchidoideae and 
pollinator families).

Ollerton & Cranmer (2002) asked whether plant–
pollinator interactions of tropical plants were more 
specialized than those of higher latitudes by using two 
data sets: one was taxon-specific (asclepiads) and the 
other based on community-level studies. They found 
no differences associated with latitude. Our data 
indicate that globally, orchids are characterized by a 
high frequency of species with one pollinator across 
all latitudes and all major geographical regions. 
However, regional variation is evident; our analysis 
highlights the more generalized nature of much of the 
Holarctic orchid flora (with the notable exception of 
Ophrys) relative to the tropics and higher latitudes 
of the Southern Hemisphere. Variation in sampling 
effort by observers may bias the results (Schatz et al., 
2021), but we have few data by which we can assess 
this. Biologists in Europe have been paying attention 
to orchid pollination since Sprengel (1793), but 
there have been numerous detailed studies of orchid 
pollination in other geographical regions (e.g. parts 
of TDWG Level 1 Africa), suggesting that this strong 
trend is likely to hold across those broad geographical 
categories. More geographically constrained 
comparisons, though, may differ. Johnson & Steiner 
(2003) showed that the European orchid flora is 
much more generalized (more pollinator species per 
orchid) than that of southern Africa, but our analysis 
comparing TDWG Level 1 regions, Europe and Africa, 
shows there are quite similar (P = 0.91; Supporting 
Information, Table S2).

number Of Orchid pOLLinatOrs and pOLLinatOr 
rewards

Our analysis shows that, on average, nectar reward 
attraction strategies tend to be more generalized 
than any other means of pollinator attraction (Fig. 
8). Indeed, in our database, many orchids with 
higher-than-average number of pollinators are 
nectar-producing terrestrial species from temperate 
regions of the Northern Hemisphere. Nonetheless, it 
is important to note that even for nectar-rewarding 
orchids, a high proportion of orchid species have just 
a single known pollinator species. This high specificity 
applies to species that are pollinated by a range of 
vectors, including long-tongued flies (Johnson, 2006), 
hawkmoths (Nilsson et al., 1987), sunbirds (van der 
Niet, Cozien & Johnson, 2015), colletid bees (Reiter et 
al., 2019a) and thynnine wasps (Reiter et al., 2019b; 
Phillips et al., 2020b), even when multiple species of 
the same pollinator functional group co-occur. These 
study systems highlight that even within a pollinator 
functional group, floral traits operate as filters such 
that only one or few species may be attracted to the 
flower or have the appropriate size and behaviour to 
achieve pollination.

Orchids in our database that produce oil as a reward 
have either one or two pollinator species (Fig. 8). 
Specificity is assisted by the fact that only two families 
(Hymenoptera: Apidae and Melittidae) have members 
that pollinate these orchids and are dependent on oils 
to provision or construct their nest cells. In some bee 
communities, further filtering of potential pollinators 
comes from the considerable variation in body size 
of oil bees (e.g. Epicharis vs. Paratetrapedia; Roubik, 
1989), meaning that not all bee species are capable of 
pollinating a given orchid, and orchids generally have 
flower sizes that correspond to their primary pollinator 
(e.g. Ornithocephalus Hook. vs. Trichocentrum Poepp. 
& Endl.).

Fragrance rewards are also highly specific in the 
animals they attract, but like most other means of 
pollinator attraction in orchids, there is some variation 
(Fig. 8; Ackerman, 1983a). For example, orchids 
pollinated by fragrance-seeking male euglossine 
bees (Apidae) can be highly specific with filtering 
based primarily on the chemical composition of floral 
fragrances and secondarily by bee size (Dodson, 1962; 
Williams & Dodson, 1972; Williams & Whitten, 1983; 
Ackerman, 1983a), the combination of which can arise 
convergently in disparate lineages (Nunes et al., 2017). 
On the other hand, in the fragrance rewarding orchids 
of lowland Panama, those species with longer flowering 
periods have a greater number of pollinator species 
(Ackerman & Roubik, 2012), making variation in the 
degree of specificity analogous to sampling effort. 
It would be interesting to test whether this pattern 
applies for orchids pollinated by other vectors and in 
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different regions, and whether longer flowering periods 
are the cause or the effect of variation in specificity.

speciaLizatiOn and deceit

The high level of specificity in the two most common 
means of deception (sex and food) is similar to that 
of species offering more atypical rewards (oils and 
fragrances; Fig. 8). However, the filters leading to 
specialization on particular pollinators vary among 
the means of pollinator attraction. The basis for 
sexual deception is that females of many insects 
lure conspecific males using sex pheromones, a form 
of chemical signalling that orchids have exploited 
resulting in a high level of specialization (e.g. Schiestl 
et al., 1999; Peakall et al., 2010; Bohman et al., 2014, 
2017). Indeed, two-thirds of the species that employ 
sexual deceit have been reported to be pollinated by 
a single known pollinator species, with the mean 
number of pollinators for sexually deceptive species 
being 1.6. This trend of high specialization among 
orchids using sexual deceit is consistent worldwide. 
For example, based on the 11 Australian genera 
using sexual deceit, the mean number of pollinator 
species is 1.2 (e.g. Peakall et al., 2010; Phillips et 
al., 2017). In Southern America, six of seven species 
(in six genera) that utilize sexual deception, for 
which we have sufficient data, have just a single 
known pollinator species. This situation is slightly 
more complicated in the European genus Ophrys, 
depending on the taxonomic treatment used. If we 
combined more finely split species and considered 
them as local variants of more widespread taxa, then 
that would make the few remaining Ophrys spp. 
more generalist regarding the number of pollinator 
species. For example, Bateman et al. (2021) organized 
Ophrys sphegodes Mill. s.l. as a ‘macrospecies’ 
composed of nine ‘mesospecies’. When we use data 
from the Pollination List, this macrospecies has 
19 pollinator species (distributed among four bee 
families). The ‘O. sphegodes’ mesospecies has eight 
pollinator species, whereas the other eight averaged 
1.6 pollinator species. Recently, Schatz et al. (2021) 
discovered that in large populations of several 
Ophrys spp. previously thought to have a single 
pollinator species have a numerically dominant 
pollinator and multiple secondary pollinators. Thus, 
the number of pollinators for a given Ophrys sp. is 
not only dependent on species circumscriptions, but 
also on orchid population sizes.

Although filtering the pollinator pool for species 
using food deception is not as evident as for sex 
deception, many food-deceptive species still exhibit 
high specialization (median number of known 
pollinator species = 1). We suspect that species 
using Batesian mimicry will typically show greater 

specialization than those using generalized food 
deception, as Batesian mimics resemble a model 
plant that often have just a small number of specific 
pollinators (Johnson & Schiestl, 2016). However, we 
did not distinguish between the two types of food 
deception in our database, partly because the two 
forms of deception appear to intergrade into each 
other, and partly because not all studies evaluate 
the criteria needed to separate these two strategies 
or distinguish mimicry from convergent evolution 
to exploit the same pollinator (Johnson & Schiestl, 
2016). Although some of the most generalist orchids 
in our database are terrestrial species that use 
generalized food deception, there are still species 
using this strategy that are pollinated by only one or 
few pollinator species (e.g. Steiner, 1998; Phillips & 
Batley, 2020).

addressinG Gaps in pOLLinatiOn knOwLedGe in 
the Orchids

For macroecological or macro-evolutionary studies 
of plant reproduction and lineage diversification in 
general, it is critical to know which animal species are 
responsible for pollinating focal plant species (van der 
Niet, 2020). Pollination syndromes can be useful when 
they are validated as having a predictive capacity for 
the focal study group (Johnson & Wester, 2017) but are 
of more limited utility in poorly studied groups where 
functional groups and their associated floral traits are 
not fully resolved (van der Niet, 2020). This represents 
a problem for many studies of Orchidaceae, particularly 
in tropical regions that are highly diverse (e.g. Pérez-
Escobar et al., 2017) but have fewer active pollination 
biologists compared to temperate regions. Tropical 
groups such as Epidendrum, Pleurothallidinae, 
Malaxidinae, Dendrobiinae and Zygopetalinae have 
few observations relative to their species richness and 
should be targeted for study. As such, the challenge 
for orchid studies is to develop approaches to identify 
pollinators and resolve pollinator attraction strategies 
more rapidly. This kind of work can be particularly 
labour-intensive for orchids, as many species are rare 
and have low visitation rates (Tremblay et al., 2005).

As most orchids are epiphytes and difficult to observe 
under most circumstances, creative means of identifying 
pollinators have been implemented. Dressler (1976) 
noted that for orchids pollinated by euglossine bees 
(Apidae), pollinarium placement on insect bodies can be 
specific and consistent within an orchid genus (Dressler, 
1968b; Ackerman, 1983a). Furthermore, pollinarium 
morphology can vary among species of some genera 
to the extent that species may be recognized solely on 
based on their pollinaria (Dressler, 1976). Bees could 
be captured using chemical attractants or at nectar or 
pollen resources and examined for their pollinaria (e.g. 
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Ackerman, 1983b). Unusual pollinarium loads have even 
led to the discovery of new orchid species (Williams & 
Whitten, 1988). Nevertheless, identifying orchids based 
on pollinarium morphology has its limits (Dressler, 
1977; Singer et al., 2008). DNA barcoding has been used 
successfully to identify orchid pollinaria using Sanger 
sequencing technologies (Widmer et al., 2000; Farrington 
et al., 2009; Ramírez et al., 2011; Waterman et al., 2011; 
Pérez-Escobar et al., 2017). However, to our knowledge 
no attempt to barcode pollinia using high-throughput 
sequencing has been conducted, an approach that could 
deliver much better representations of the nuclear and 
organellar genomes, from which many barcodes could be 
mined (Dodsworth, 2015).

In sexually deceptive orchids, rapid inroads have 
been made into identifying pollinators by using flowers 
as a bait (Stoutamire, 1975; Peakall, 1990). Here, 
picking and relocating a flower to a new position in the 
landscape can rapidly attract males (Peakall, 1990), 
which respond as if the flower is a newly emerged 
female. A modification of this technique is also effective 
for food-deceptive systems, in which scientists working 
with clonal species have increased pollinator visitation 
rates by picking an artificial clump and moving it to 
varying positions in the landscape (Scaccabarozzi 
et al., 2018, 2020; Phillips et al., 2020b). A similar 
approach has also been implemented by using groups 
of potted plants to increase the floral stimulus to 
pollinators compared with the scattered plants that 
occur in natural conditions (Reiter et al., 2018, 2019c).

Recent years have seen the advent of using 
motion-activated game cameras to detect vertebrate 
pollinators, including orchids (Micheneau et al., 2008; 
van der Niet et al., 2015) and other herbaceous species 
(Kestel et al., 2021). This approach is likely to be 
highly effective in bird-pollinated orchids, particularly 
as most bird species can be identified from images 
alone. In addition, recent work has shown that these 
cameras can also be used to capture footage of some 
insect species (Micheneau et al., 2010; Danaher et al., 
2019; Houlihan et al., 2019; Balducci, van der Niet & 
Johnson, 2020; Johnson et al., 2020; Lombardi et al., 
2021), ideally using a camera with a short focal range. 
An exciting development is the use of Raspberry Pi 
computing systems as a cheap way of capturing footage 
of pollinators (Droissart et al., 2021). With further 
development, it will be possible to use these as an 
affordable approach for motion-triggered video of small 
insect pollinators (Klemens, Tripepi & McFoy, 2021).

CONCLUSIONS

Our global compilation of studies of orchid reproduction 
will help address the deficit in natural history data 
needed for robust ecological and phylogenetic analyses 

of pollinator-driven evolution (van der Niet, 2020). 
Further, it has enabled us to assess global trends in the 
pollination of orchids. We find that 76% of orchid species 
are pollinator dependent, and the majority rely on one 
species of pollinator. Most species are SC, although 
self-incompatibility is common in certain subtribes 
of Epidendroideae. Most orchids are chasmogamous, 
about one-fifth are autonomously and exclusively 
selfing or agamospermic, and only 5% have mixed 
pollination systems. Autonomous self-pollination is 
more frequently found in terrestrial orchids than in 
epiphytes. Excluding autogamous species, pollination 
by deceitful means occurs in nearly half of all orchid 
species studied, a significant increase from previous 
estimations. Food deception is the most common form 
of deceitful attraction, followed by sexual deception.

Based on current knowledge, the most common 
pollinator group in Orchidaceae is the Hymenoptera. 
However, Diptera are expected to found to be as 
important as Hymenoptera when highly diverse 
tropical orchid groups are studied further. Lepidoptera 
pollinate c. 10% of orchid species, and Coleoptera and 
birds follow closely. Our analysis confirms that many 
orchid species indeed have a highly specific means 
of pollination, with the median number of pollinator 
species per orchid being one. This trend holds among 
both geographical regions and growth forms. However, 
there are some super-generalists, particularly among 
the temperate terrestrial orchids of the Northern 
Hemisphere. On average, species offering nectar 
rewards were shown to be more generalist, whereas 
high specificity was found to be more common in both 
sexual- and food-deceptive orchids.

Despite containing > 2900 species, our database 
covers < 10% of the family, with orchids from tropical 
regions of Africa, Southern America and Asia, 
especially epiphytes, significantly under-represented 
in orchid pollination studies. The latter two regions 
also have the highest orchid species diversity but 
remain poorly sampled. Therefore, we encourage 
pollination biologists to focus on under-represented 
taxa and regions that would unequivocally identify 
the pollinators and why they visit the flowers, the 
floral stimuli to which pollinators respond and the 
fitness consequences of floral variation within and 
among populations. These data may not only inform 
syntheses for ecological and evolutionary studies but 
also for more practical applications in the refinement 
of local to global conservation strategies.
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SUPPORTING INFORMATION

Additional supporting information may be found in the online version of this article on the publisher's website.

Table S1. The number of orchid species that offer varying types of floral reward. Percentage is based on all reward 
types.
Table S2. Mean number of pollinator species per orchid species among TDWG Level 1 regions. Analysis involves 
a bootstrap method considering outliers, function ‘btrim’ (Wilcox, 2017: p. 331). Analyses of paired comparisons 
based on step-down multiple comparisons approach using ‘lincon’ function (Wilcox, 2017: p. 349). Adjusted P value 
accounts for multiple comparisons.
Table S3. Pairwise comparisons of the number of pollinator species for subfamilies Orchidoideae and 
Epidendroideae and modes of deception (sex and food). The confidence intervals and median location are estimated 
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using the Harrell–Davis method, which is a bootstrap process followed by trimming of 20% of the data at the lower 
(LCI) and upper (HCI) intervals of the distribution to remove outliers. Only orchid species whose pollinators have 
been identified to species level are included. Tests were adjusted for multiple comparisons. See Table 6 for mean 
locations.
Figure S1. Photographic evidence of unpublished pollination observations. A, Epidendrum horichii Hágsater 
pollinated by Dircenna klugii (Nymphalidae) in Costa Rica. B, Epidendrum triangulabium Ames & C.Schweinf. 
with cleistogamous flowers showing the swelling of the ovary. C, Lepanthes minutissima Endrés ex Luer with 
cleistogamous flowers in situ in Costa Rica. D, Lepanthes pygmaea Luer being pollinated by a fungus gnat (Sciaridae) 
in Costa Rica. E, Masdevallia coriacea Lindl. pollinated by Calliphoridae in Colombia. F, Masdevallia coriacea 
pollinated by Sarcophagidae in Colombia. G, Octomeria costaricensis Schltr.: a cleistogamous flower showing a 
swelling ovary. H, Ornithocephalus lankesteri Ames: an autogamous flower showing the pollinarium stuck to 
its stigma. I, Pleurothallis homalantha Schlechter being pollinated by a sciarid fly at Bosque de Paz Reserve in 
Costa Rica. J, Pleurothallis tridentata Klotzsch pollinated by a drosophilid fly. K, Prosthechea spondiada (Rchb.f.) 
W.E.Higgins: an autogamous species showing its fruits. L, Xylobium elongatum (Lindl. & Paxton) Hemsl. with its 
pollinator, a Trigona sp. (Apidae) bee at Bosque de Paz Reserve in Costa Rica. Photographs by A. P. Karremans (A, 
B, C, G, H), G. Barboza (D), K. Gil (E, F, I, K, L) and D. Pfarr (J).
Figure S2. Heatmap for frequency of major pollinator groups with orchid subtribes.
Figure S3. Observed and expected distribution of pollinator attraction strategies and pollinator orders among 
orchid subtribes. Expected frequencies are calculated by extrapolating the proportion of known strategies or 
orders with the total known orchid species in each subtribe. A, Observed frequencies of pollinator orders among 
orchid subtribes. B, Expected frequencies of pollinator orders among pollinator subtribes. C, Observed frequencies 
of modes of pollinator attraction among orchid subtribes. D, Expected frequencies of modes of pollinator attraction 
among orchid subtribes.
Figure S4. Heatmap for frequency of pollinator families versus orchid subfamilies and subtribes.
Figure S5. Mean location and highest density intervals for the number of pollinator species among subfamilies of 
Orchidaceae. Sample sizes: Apostasioideae, N = 3; Cypripedioideae, N = 39; Epidendroideae, N = 663; Orchidoideae, 
N = 665; Vanilloideae, N = 27.
Figure S6. Frequency associations between subfamily Epidendroideae and pollinator families.
Figure S7. Frequency associations between subfamilies Apostasioideae, Vanilloideae and Cypripedioideae and 
pollinator families.
Figure S8. Frequency associations between subfamily Orchidoideae and pollinator families.
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