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The extraordinary diversity of orchids has captivated scientists for more than a century, 
yet their complex spatial patterns at large scales remain poorly resolved. On islands, 
orchid diversity patterns are especially puzzling. While some islands are centres of 
orchid diversity, orchids are underrepresented on most islands. To disentangle such 
complex patterns, key functional differences among orchids must be considered – a 
distinction seldom made in biogeographical analyses. Using a global dataset of 454 
islands, we tested prominent hypotheses in island biogeography, while simultaneously 
making the distinction between epiphytes and two terrestrial life forms (geophytes 
and non-geophytes). Orchid diversity was unevenly distributed across islands and life 
forms. Epiphytic orchid diversity strongly increased with temperature, illustrating the 
near confinement of epiphytes to the tropics. Geophytes became proportionally more 
important with increasing seasonality, highlighting their ability to withstand harsh 
climatic conditions. Epiphytes and non-geophytes both displayed responses (e.g. nega-
tive relationship with seasonality) related to their dependence on consistently favour-
able conditions, possibly because of the absence of subterranean storage organs. This 
highlights that the factors explaining orchid diversity differ strongly with, and are 
related to, life form. We suggest that key functional differences within and across plant 
families be considered in future studies to better understand drivers of complex diver-
sity patterns.
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Introduction

Orchids are a highly diverse, cosmopolitan plant family (~28 000 species, Givnish et al. 
2016), and their complex biotic interactions and attractive floral morphology have fas-
cinated scientists for over 150 years (Darwin 1859). Numerous studies have linked the 
extraordinary diversity of orchids to their specialized interactions with pollinators and 
obligate mycorrhizal fungi (Cozzolino and Widmer 2005, Otero and Flanagan 2006), 
but also to epiphytism and associated traits such as Crassulacean acid metabolism 
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(CAM) (Gravendeel et al. 2004, Givnish et al. 2015). As well 
as being highly diverse, orchids as a family are cosmopolitan 
in their distribution, which is often linked to their ‘dust-sized’ 
seeds that are produced in huge quantities and can disperse 
thousands of kilometres by wind currents (Jersáková and 
Malinová 2007). Consequently, orchids are believed to be 
proficient long-distance dispersers, which has been invoked 
to explain their rapid colonization of newly formed islands 
(e.g. Krakatau, Partomihardjo 2003) and isolated archipela-
gos (e.g. Hawaiian Islands, Carlquist 1967).

Regional studies focusing on selected archipelagos or 
islands suggest that orchids can reach high levels of species 
diversity on islands (Jacquemyn et al. 2005, Ackerman et al. 
2007, Micheneau et al. 2008, Keppel et al. 2016), which 
is not congruent with patterns observed at the global scale. 
Specifically, while some islands constitute global centres of 
orchid diversity, most islands harbour few to no orchids 
(Taylor et al. 2019, König et al. 2020). Although part of this 
variation is potentially linked to differences in island geologi-
cal history, spatial arrangement, size, isolation and climate, 
i.e. the processes by which islands gain biota differ substan-
tially among islands (Neall and Trewick 2008, Weigelt et al. 
2013, Ali 2017), another source of variation could be related 
to orchid functional traits. Orchids have a remarkable diver-
sity in functional traits, rooting either in the ground (as 
terrestrial geophytes or non-geophytes), or growing on the 
branches of a host tree (epiphytic) – a distinction that has 
not been accounted for in previous regional to global scale 
studies, yet might be key to explaining the complex spatial 
patterns of orchids on islands.

Because plant functional traits are tightly linked to the 
immediate environment (Dwyer et al. 2015, Blonder et al. 
2018), the global distribution of orchid life forms may be 
influenced by different factors relating to key functional char-
acteristics (Ordonez and Svenning 2015, Blonder et al. 2018, 
Zanne et al. 2018). Most epiphytic orchids are characterized 
by thick, succulent leaves and aerial roots that are covered by 
a layer of dead cells (velamen radicum), which can rapidly 
absorb water (Zotz and Winkler 2013). A considerable pro-
portion of epiphytic orchids have water-storing pseudobulbs 
(Göbel and Zotz 2020), while others use CAM photosynthe-
sis to conserve water (Barbante et al. 2012, Yang et al. 2016). 
These functional traits are considered to aid the survival 
of epiphytes in forest canopies where water availability is a 
major limiting factor (Zotz and Hietz 2001, Laube and Zotz 
2003). Conversely, geophytes possess traits associated with 
carbohydrate storage, such as bulbs, corms or tubers, which 
enables their survival during prolonged winters or summer 
droughts (Raunkiaer 1934, Ellenberg 1988). This strategy is 
particularly favoured in seasonal Mediterranean and temper-
ate climates, where environmental cues induce a period of 
plant dormancy during unfavourable climatic conditions, 
minimizing the risk of mortality during the hot, dry sum-
mers (Ofir and Kigel 2003) and winter frost (Shefferson et al. 
2005), respectively. Two other terrestrial life forms exhibited 
by orchids are chamaephytes (e.g. Dendrobium vannouhuy-
sii, WCSP 2018) and hemicryptophytes (e.g. Neottia ovata, 

WCSP 2018), which have buds that are positioned just 
aboveground that enables plants to withstand the coldest 
winter months under the protection of snow cover (termed 
hereafter ‘non-geophytes’ for simplicity, Mueller-Dombois 
and Ellenberg 1974). Thus, because each life form has a 
unique set of traits that represent different ecological strate-
gies, it is crucial to understand the ecological constraints act-
ing on each life form separately in order to disentangle the 
complex and poorly understood spatial patterns of orchids 
on islands.

Here, we present a comprehensive global analysis of 454 
islands, relating patterns of orchid species richness and ende-
mism to geographical (island area, geologic type, geographical 
isolation, age, elevational range, topographic heterogeneity), 
climatic (cloud cover, precipitation, temperature, seasonal-
ity) and biological (forest cover) characteristics of islands. 
We analyse diversity patterns for all orchids and separately 
for epiphytes, geophytes and non-geophytes. Specifically, we 
address the following questions: 1) what are the global driv-
ers of orchid species richness and endemism on islands? 2) 
Can the diversity of epiphytes, geophytes and non-geophytes 
be predicted by the same variables? We expected epiphytic 
orchid diversity, which is generally presumed to be con-
strained by water availability (Zotz and Hietz 2001), to be 
best predicted by variables such as annual precipitation and 
cloud cover. Conversely, because geophytes possess subter-
ranean organs to survive climate extremities, we expected 
orchid geophytes to be well-represented in highly seasonal 
climates (i.e. islands with Mediterranean climates or islands 
at high latitudes with a pronounced winter, Howard et al. 
2019). Although non-geophytes lack subterranean storage 
organs, they should be less affected by cooler temperatures 
than epiphytic orchids and therefore should occur on cooler, 
less seasonal islands than epiphytic orchids.

Material and methods

Orchid distributions and life forms

Orchid distribution data was extracted from the Global 
Inventory of Floras and Traits database (GIFT ver. 1.0, 
<https://gift.uni-goettingen.de>), which contains checklist 
information for over 315 000 plant species – including 27 
640 orchid species (Weigelt et al. 2020). Checklists range 
from global-scale key resources, e.g. World Checklist of 
Selected Plant Families (WCSP 2014), to regional checklists, 
e.g. western Pacific (Keppel et al. 2016) plus numerous single 
island and archipelago checklists. For detailed information 
about the conceptual framework of GIFT including checklist 
standardization procedures see Weigelt et al. (2020).

We followed strict island selection criteria with the aim 
of producing a harmonised and standardised dataset with 
islands representative of different climates, geology and local-
ity. Floristic information was first extracted for 1027 islands 
and archipelagos for which complete orchid checklist infor-
mation was available. We wished to focus on single islands 
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instead of the archipelagos they are nested in. In cases where 
checklists were only available at the archipelago level, we con-
sidered the ratio between the geographical extent of the larg-
est constituent island and the entire geographical extent of 
the terrestrial landmass of the archipelago as a measure of the 
proportion of total archipelago landmass constituted by the 
main island. Large islands with small satellite islands receive 
a geographical extent ratio close to 1 (e.g. Cuba, Hispaniola, 
Taiwan, Tasmania, Sumatra and more), while archipelagos 
composed of multiple islands spread over a large geographical 
area receive smaller ratios (e.g. New Caledonia, ratio: 0.27). 
We used a geographical–extent ratio threshold of 0.60, which 
ensured to exclude archipelagos for which the species list was 
unlikely to be representative of the largest island from the 
analyses while retaining units mostly consisting of one large 
main island. Very small islands (< 1 km2) were also excluded 
because the resolution (30 arc-seconds, i.e. ~1 km2) of the 
environmental data was insufficient to produce reliable val-
ues. The final dataset consisted of 454 islands and island units 
for which complete checklists of native orchids were avail-
able, and 358 islands for which endemic orchid information 
could be derived. We defined an endemic orchid as one found 
only on a specific island or island unit. The references used to 
compile this dataset can be found in Supporting information.

For each orchid species, we assigned life form (epiphytic, 
geophyte or non-geophyte) information based on a com-
prehensive species list for epiphytes (Zotz 2016) and the 
WCSP (2018) for terrestrial orchids. Following Mueller-
Dombois and Ellenberg (1974), we differentiated between 
two terrestrial life forms; ‘geophytes’ as orchids that possess 
below-ground storage organs and ‘non-geophytes’ as terres-
trial orchids without below-ground storage organs, which 
included hemicryptophytes and chamaephytes. Based on 
these definitions, the orchid family is composed of 69% epi-
phytic (Zotz 2016), 21% geophyte and 3% non-geophyte 
species (WCSP 2018). We did not consider lithophytic or 
holomycotrophic orchids due to their rarity on islands (n 
< 30 species each), and also omitted climbers because 96% 
of all climbing species in our dataset belonged to the genus 
Vanilla, and thus were not representative of orchids in gen-
eral. All species names (i.e. nomenclature) were standardised 
to The Plant List ver. 1.1 prior to extraction from the GIFT 
database (see Weigelt et al. (2020) for the full standardisation 
procedure).

Selection of environmental variables

We selected 12 environmental variables based on the outcome 
of previous global-scale plant analyses and with consideration 
of the three orchid life forms. Because large, less-isolated 
continental islands have been shown to harbour great orchid 
diversity in previous studies (Givnish et al. 2016, Taylor et al. 
2019) we included the classical biogeographic variables island 
area (km2), geology (continental, fragment, oceanic), the sur-
rounding landmass proportion of an island (SLMP, a mea-
sure of isolation that accounts for stepping stone islands and 

irregular coastlines, Weigelt and Kreft 2013), and elevational 
range (m, Danielson and Gesch 2011), all of which have been 
consistently shown to be important predictors of plant diver-
sity on islands (MacArthur and Wilson 1967, Kreft et al. 
2008). We defined continental islands as islands located on 
the continental shelf (e.g. New Guinea), fragments as con-
tinental islands separated from the mainland through plate 
tectonics (e.g. Cuba), and oceanic islands as either volcanic 
islands or sea-floor islands uplifted through plate tectonics 
(e.g. Niue), following Whittaker and Fernández-Palacios 
(2007). By this definition, we considered the islands of New 
Caledonia as ‘oceanic’, since the archipelago was at one point 
fully submerged, thus gaining biota in the fashion of an 
oceanic island (Grandcolas et al. 2008). Another important 
island biogeographic variable is geological age (Ma), which 
should be particularly important for predicting the number 
of endemic orchids on oceanic islands. Assuming that islands 
are dynamic systems, thus changing in area and species 
numbers through island ontogeny, we employed the general 
dynamic model of island biogeography, which predicts a uni-
modal relationship between geological age and species rich-
ness/endemism (Whittaker et al. 2008). Finally, we selected 
topographic heterogeneity (calculated here as the terrain rug-
gedness index, TRI, Danielson and Gesch 2011), which has 
been shown to influence orchid diversity patterns across dif-
ferent spatial scales (Keppel et al. 2016, Tsiftsis 2020). For 
further detailed information on the assignment of geology, 
calculation of island area and other biogeographic metrics see 
Weigelt et al. (2020).

In addition to the six biogeographical variables, we selected 
six climatic factors hypothesised to constrain the distribution 
of epiphytes, geophytes and non-geophytes. Based on the 
assumption that water availability is a strong limiting factor 
for epiphytes (Zotz and Hietz 2001, Kreft et al. 2004), we 
selected mean annual precipitation (mm) and mean annual 
cloud cover (% mean cloud cover) (both derived from the 
CHELSA database, Karger et al. 2017). We also selected 
percent forest cover (%, Tuanmu and Jetz 2014), given that 
epiphytic orchids rely on trees for structural support. To 
capture seasonality, which we expected to affect the diver-
sity of geophytes, we selected two metrics; cloud cover con-
centration seasonality (cloud cover seasonality, Wilson and 
Jetz 2016) and precipitation seasonality (coefficient of varia-
tion) (CHELSA database, Karger et al. 2017). Temperature 
seasonality strongly covaried with mean annual tempera-
ture (°C) (CHELSA database, Karger et al. 2017) and we 
opted to remove the former and retain the latter variable. 
Mean annual temperature should best capture the diversity 
of the orchids assigned as non-geophytes (hemicryptophytes, 
chamaephytes), which we expected to increase in diversity 
with decreasing temperature. Temperature should also be an 
important predictor for epiphytic orchids due to their mainly 
tropical affinities (Givnish et al. 2015). All predictor values 
were extracted at a resolution of 30 arc-seconds, except TRI, 
which was based on digital elevation data at a resolution of 
15 arc-seconds.
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Statistical analyses

To determine the most appropriate model structure for our 
dataset (multiple regression versus mixed effects models), we 
first tested for the presence of spatial autocorrelation using the 
Moran I statistic (Dormann et al. 2007). Since residuals from 
a simple multiple linear regression model showed significant 
levels of spatial autocorrelation (Moran I statistic = 0.28; p ≤ 
0.001), we included archipelago and botanical continent as 
random effects. Another test established that the inclusion 
of random effects removed any spatial autocorrelation in our 
dataset (Moran I statistic = 0.02; p = 0.84), and therefore we 
considered linear mixed effects models an appropriate frame-
work for our analyses (Bunnefeld and Phillimore 2012). In 
this regard, the inclusion of archipelago as a random effect 
would account for the unique geologic and biogeographic 
histories of the different archipelagos (Patiño et al. 2013). We 
also tested for zero inflation in our models, given the large 
number of islands devoid of orchids (144, 32% islands). 
Following Zuur (2012), we found no evidence for over-dis-
persion in model residuals (chisq/rdf ≤ 5, p = 1.00).

Our final models included the response variables 1) native 
species richness, 2) endemic species richness, 3) epiphyte 
richness, 4) geophyte richness, 5) non-geophyte richness, 5) 
proportion epiphytes, 6) proportion geophytes and 7) pro-
portion non-geophytes. The proportion variables refer to the 
proportion of the species richness constituted by a particular 
life form compared to the total richness of orchid species. 
For all models, island area (km2), geology, SLMP, elevational 
range (m), TRI, mean annual temperature (°C, hereafter 
temperature), mean annual precipitation (mm, hereafter 
precipitation), mean annual cloud cover (%, hereafter cloud 
cover), cloud cover seasonality concentration (hereafter cloud 
seasonality), precipitation seasonality (coefficient of varia-
tion) and forest cover (%) were treated as fixed effects, while 
archipelago and botanical continent were retained as random 
effects. In a complimentary analysis for 248 oceanic islands, 
we included island geologic age (Ma) as an additional fixed 
effect in the model. Following the general dynamic model 
(GDM) of oceanic island biogeography, we included a qua-
dratic term for age (age + age2) (Whittaker et al. 2008). We 
also explored possible interactions between the geology of 
an island and island area and SLMP, given that continental 
and fragment islands are usually larger and less isolated com-
pared to oceanic islands. In addition, we tested for an inter-
action between precipitation seasonality and temperature to 
potentially capture the variation in life form diversity among 
highly seasonal warm islands versus non-seasonal cool islands 
versus non-seasonal warm islands. Island area, SLMP, eleva-
tional range, TRI, forest cover, as well as all species richness 
response variables were log10(x + 1) transformed to reduce 
skewed distributions.

We selected minimum adequate models using the Akaike 
information criterion corrected for small sample sizes (AICc) 
and delta ∆AIC weights, which determine between-model 
similarity (Burnham and Anderson 2003). AIC weights were 
summed across models to quantify the relative importance 

of each variable (Burnham and Anderson 2003). Models 
exhibiting ∆AIC values of 2 or less were considered to be the 
most adequate. In addition, we report the variation explained 
by both the random effects (conditional r2) and fixed effects 
(marginal r2) of each model using the pseudo-r2 value, follow-
ing (Nakagawa and Schielzeth 2013). All statistical analyses 
were conducted in R (3.5.1, <www.r-project.org>), using 
the packages ‘lme4’ (Bates et al. 2014), ‘jtools’ (Long 2019a), 
‘interactions’ (Long 2019b) and ‘MuMIn’ (Barton 2009).

Results

Global distribution of native and endemic orchid 
diversity

In our global analysis of 454 islands, orchids were distributed 
as far south as Macquarie Island (55°S) and as far north as 
Iceland (65°N), peaking in species richness and endemism in 
tropical Asia (e.g. New Guinea, Borneo, Fig. 1A–B), followed 
by Madagascar, which had the second highest proportion of 
endemic orchids after New Guinea (83% and 84% endemic 
species, respectively). Despite a great latitudinal spread, 
orchids were entirely absent from 144 out of 454 islands 
(32%), while 289 of the 358 islands with endemic species 
data (81%) had no endemic orchids. Oceanic islands had, 
on average, significantly fewer native and endemic orchids 
compared to continental and fragment islands (Supporting 
information) and gained comparatively fewer species with 
increasing island area (Fig. 2, Supporting information).

Orchid species richness was best predicted by island area 
(z = 0.41 ± 0.05, p ≤ 0.001) and mean cloud cover (z = 0.40 
± 0.04, p ≤ 0.001), but also showed strong positive rela-
tionships with increasing temperature, forest cover and eleva-
tional range (Fig. 2, 3). The positive effects of increasing island 
area, temperature and precipitation were more pronounced 
for endemic orchids relative to all native orchids. Both the 
number of endemic and native orchids increased with SLMP 
(surrounding landmass proportion) on oceanic islands only, 
but the number of endemic orchids decreased overall with 
increasing SLMP (Fig. 2, 3, Supporting information). Fixed 
effects alone explained 68% and 53% (marginal r2) of the 
orchid diversity and endemism model variance, respectively, 
which increased to 88% and 82% with the inclusion of ran-
dom effects (conditional r2). In our complimentary analyses 
that included oceanic island age as a fixed effect, we found 
that both the linear and quadratic term were significant, indi-
cating that orchid species richness and endemism on oceanic 
islands follow a unimodal pattern in congruence with island 
ontogeny (Fig. 2, 3). 

Diversity among life forms

The different functional groups varied in their responses to 
predictor variables, with island area and geology being the 
only consistent significant predictors of all three life forms 
(Fig. 2, 4). Epiphytic orchids were predominantly found in 
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the tropics (Fig. 1C), and on oceanic islands, with almost 
half of all oceanic islands (48%) having at least 1 epiphyte 
species. Although epiphytic orchids occurred on just 27% of 
all continental islands, they contributed substantially to the 
diversity of orchids on the most orchid-rich islands, repre-
senting 81, 79 and 78% of the orchids of the large tropi-
cal islands New Guinea, Borneo and Sumatra, respectively. 
This contrasts with geophytes, which were better represented 
on fragment islands, contributing, on average, 62% to the 
orchid flora of this island geology. Non-geophytes (chamae-
phytes/hemicryptophytes) were overall poorly represented on 
islands, reaching their greatest proportional representation in 
the oceanic Juan Fernandez Islands (30% of the orchid flora), 
yet represented on average just 2% of the flora on continental 
islands, 1% on oceanic islands and 0.4% on fragment islands.

For epiphytic orchids, temperature had the strongest effect 
on both richness (z = 0.62 ± 0.07, p ≤ 0.001, Fig. 4) and 
proportional representation (z = 0.48 ± 0.07, p ≤ 0.001, 
Fig. 5), while island area was more important for both terres-
trial life forms. Precipitation and forest cover only predicted 
the diversity of non-geophytes and geophytes, respectively. 
Despite forest cover not being an important predictor of 
epiphyte diversity, the proportion of epiphytes significantly 
increased with increasing forest cover (z = 0.24 ± 0.04, p ≤ 
0.001). Epiphytes and non-geophytes showed similar posi-
tive responses to elevational range and a negative response 
to increasing cloud seasonality. Likewise, epiphytes and geo-
phytes displayed shared increases in diversity with increasing 

cloud cover and temperature (Fig. 4). Conversely, the propor-
tional representation of geophytes increased with increasing 
cloud seasonality and decreased with increasing temperature 
along with terrestrial non-geophytes. The diversity of non-
geophytes significantly decreased with increasing cloud sea-
sonality and their proportional representation decreased 
with increasing precipitation seasonality on warmer islands 
(Fig. 5F). Finally, significant interactions were observed 
between the number and proportion of life forms for island 
geology, geology:area and geology:SLMP (Supporting infor-
mation). Fixed effects alone explained more variation in the 
species richness models of epiphytes (59%), geophytes (66%) 
and non-geophytes (52%) than in the proportional represen-
tation models (epiphytes: 39%, geophytes: 25%, terrestrial 
non-geophytes: 17%). With the inclusion of random effects, 
however, variation explained increased to 86% in both the 
epiphyte and geophyte richness models, 66% in the non-geo-
phyte model, and 57, 63 and 43% for the models explaining 
the proportional representation of epiphytes, geophytes and 
non-geophytes, respectively.

Discussion

Our study identifies several global centres of orchid richness 
and endemism on islands (Fig. 1), with the most speciose 
islands located in Malesia (e.g. New Guinea), western Indian 
Ocean (e.g. Madagascar), Pacific Ocean (e.g. Terra Grande, 

Figure 1. Species richness of native orchids on 454 islands (A) and endemic orchids on 358 islands (B), and the proportional representation 
% of the following orchid life forms: epiphytes (C), geophytes (D) and non-geophytes (E). Points are scaled according to the number of 
species (A) and (B) or by the proportional representation of each orchid life form (C–E). no. spp. = number of species. 
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New Caledonia) and the Caribbean (e.g. Hispaniola), 
corroborating previous studies (Jacquemyn et al. 2005, 
Ackerman et al. 2007, Micheneau et al. 2008, Keppel et al. 
2016, Traxmandlová et al. 2018, Taylor et al. 2019). However, 
we also highlight a number of orchid diversity ‘cold’ spots, 
including islands that lack orchids entirely (32% of islands) 
or have no endemic species (81% of islands), a pattern that 
cannot be understood by considering species richness alone. 
Differences among life forms, however, had considerable 
impacts on the distribution and diversity of orchids. We 
found that key predictors of orchid diversity varied markedly 
with life form, which could be related to different ecological 
strategies associated with environmental and biogeographical 
limitations of different species. Functional traits can therefore 
be of extraordinary importance when investigating species 

distribution and diversity patterns (Pollock et al. 2012, 
Blonder et al. 2018) and should be considered more widely 
in future biogeographic investigations.

Global distribution of native and endemic  
orchid diversity

Numerous studies have contributed to our understanding 
of orchid diversity at the local scale (Barthlott et al. 2001, 
Jacquemyn et al. 2005, 2015), yet we are only beginning 
to understand drivers of orchid diversity at the regional 
(Ackerman et al. 2007, Keppel et al. 2016, Traxmandlová et al. 
2018, Tsiftsis et al. 2019, Crain and Fernández 2020) to 
global scale (Traxmandlová et al. 2018, Taylor et al. 2019). 
Here, we found that orchid species richness and endemism 

Figure 2. Standardized coefficient plots (z-scores) showing the relative importance of biogeographic [geology, age + age2 (Ma) = island 
age + quadratic term, area (km2), elevation = elevational range (m), SLMP = surrounding landmass proportion] and bioclimatic [cloud_
mean = mean annual cloud cover (%), cloud_seas = cloud cover seasonality metric, forest_cov = forest cover (%), prec_mean = mean annual 
precipitation (mm), temp_mean = mean annual temperature (°C)] fixed effects on (A) the total number of native and endemic orchids; and 
(B) the number and (C) proportional representation of the orchid life forms (epiphyte, geophyte, non-geophytes). Also shown are 95% 
confidence intervals. Note that the coefficients for age + age2 were obtained using a subset of 264 oceanic islands for which the age of the 
island was known. Only significant effects (p ≤ 0.05) are shown. The result of geology_fragment and geology_oceanic is in reference 
to geology_continental. 
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differ vastly among islands worldwide, and are closely linked 
to island area, geology, cloud cover and temperature.

The importance of island area as a predictor of species rich-
ness and endemism on islands is well established (MacArthur 
and Wilson, 1967, Kreft et al. 2008, Triantis et al. 2012). 
Larger islands may offer a greater target area for dispersing 
propagules (MacArthur and Wilson 1967, Whitehead and 
Jones 1969), can host more individuals, and have a greater 
diversity of habitats (Schrader et al. 2019), promoting spe-
ciation and reducing extinctions (MacArthur and Wilson 
1967, Kisel and Barraclough 2010). These processes explain 
the high incidence of endemic orchids on large, complex 
islands, such as continental New Guinea (84% endemic) and 

continental fragment Madagascar (83% endemic), and why 
oceanic islands, which are generally smaller, have compara-
tively few native and endemic orchids. Second only to area 
in importance was cloud cover. Cloud cover may influence 
several key ecological processes that limit plant diversity, such 
as influencing the length of growing seasons and daily solar 
radiation (Graham et al. 2003). For orchids, particularly epi-
phytic orchids, which reach peak diversity in cloud forests, 
cloud cover may reflect a tempering effect and constant mois-
ture supply.

The positive effect of SLMP (surrounding landmass pro-
portion) on orchid species richness and endemism on oceanic 
islands and the overall negative effect of SLMP (the inverse of 

Figure 3. Partial residual plots showing the effects of island age (Ma) for oceanic islands only (A), log10 area (km2) (B), cloud cover (%) (C), 
mean annual temperature (°C) (D), log10 elevational range (m) (E), log10 surrounding landmass proportion, SLMP (F), log10 forest cover 
(%) (G) and log10 mean annual precipitation (mm) (H) on the total number of log10 native (dark blue) and log10 endemic (light blue) 
orchids on 454 and 358 islands, respectively. Points are partial residuals; solid and shaded lines are model predicted slopes and their respec-
tive 95% confidence limits. Note that the relationship between oceanic island age and the number of orchids is quadratic (age + age2). Only 
significant effects (p ≤ 0.05) are shown.
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isolation) on endemic orchids demonstrates the importance 
of isolation in the assembly of insular floras (Weigelt et al. 
2015). On the one hand, oceanic islands are the most isolated 
in the world and colonization is difficult, even for adept long-
distance dispersers like orchids (Arditti and Ghani 2000). On 
the other hand, isolation may foster speciation by reducing 
gene flow between islands and source regions, likely contrib-
uting to the overall negative effect of SLMP on the number 
of endemic orchids.

Finally, we found a unimodal relationship between orchid 
species richness and island age, which is in line with pre-
dictions by the general dynamic model (GDM) of oceanic 
island biogeography (Whittaker et al. 2008). Orchids were 
on average either entirely absent or present in low numbers 
on both recently emerged (e.g. Chirpoi Island of the Kuril 
Islands – 0.0012 Ma, 7 orchid species) and older oceanic 

islands (e.g. Palmyra – 75 Ma, 0 orchid species). Moreover, 
we found that the number of endemic orchids peaked later 
compared to native orchids, which could be attributed to 
the fact that endemic species amass over greater time periods 
(Steinbauer et al. 2012, Cabral et al. 2019). It is important 
to note, however, that fixed effects alone only explained 53% 
of the variation in the number of endemic orchids on islands, 
which increased to 82% with the inclusion of archipelago 
as a random effect, suggesting that idiosyncratic archipelago 
attributes (e.g. geological history and isolation) play a pivotal 
role in the accumulation of endemic orchids.

Diversity among life forms

The three orchid life forms displayed important differences 
in diversity patterns among islands, yet shared similarities 

Figure 4. Partial residual plots showing the effects of log10 island area (km2) (A), cloud cover (%) (B), log10 cloud seasonality (C), log10 
elevational range (m) (D), log10 forest cover (%) (E), log10 mean annual precipitation (mm) (F) and mean annual temperature (°C) (G) 
on the total log10 number of epiphytic (green), geophyte (orange) and non-geophyte (purple) orchids on 454 islands. Points are model 
partial residuals; solid and shaded lines are model predicted slopes and their respective 95% confidence limits. Only significant effects (p ≤ 
0.05) are shown.



711

in key island biogeographic properties, i.e. being positively 
related to island area and being most diverse on continental 
islands (Fig. 4). Temperature explained the greatest propor-
tion of variation for epiphytic orchids, reflecting the tropical 
restriction of epiphytism in most orchid groups (Kreft et al. 
2008, Zotz 2016). Epiphytic orchids form an important 
component of wet, tropical forest ecosystems, where they 
can account for more than two thirds of total epiphyte diver-
sity (Zotz 2005). Frost, in particular, is thought to be a key 

constraint on the distribution of epiphytes (Kessler 2002, 
Zotz 2005), which may explain why only three epiphytic 
orchids occurred on islands with average temperatures of < 
10°C, and none on islands with average temperatures of < 
5°C. Although geophyte diversity also increased with increas-
ing temperature, both terrestrial life forms decreased in their 
proportional representation, reflecting the shift in the relative 
contribution of epiphytic orchids in the tropics to terrestrial 
orchids in progressively cooler latitudes.

Figure 5. Partial residual plots showing the effects of log10 island area (km2) (A), cloud cover (%) (B), log10 cloud seasonality (C), log10 
forest cover (%) (D) and temperature (°C) (E) on the proportional representation of epiphytic (green), geophyte (orange) and non-geo-
phytes (purple) orchids on 454 islands. Panel (F) displays the interaction between precipitation seasonality and temperature on the propor-
tional representation of non-geophytes. It shows that on islands with warmer temperatures (+1 SD of mean), non-geophytes decrease in 
their proportional representation with increasing precipitation seasonality. Points are model partial residuals; solid and shaded lines are 
model predicted slopes and their respective 95% confidence limits. Only significant effects (p ≤ 0.05) are shown.
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Both life forms without subterranean storage organs, 
epiphytes and non-geophytes, displayed similar negative 
responses to the precipitation metric cloud seasonality. 
Seasonal changes in precipitation may negatively affect plants 
by reducing growth rates and increasing rates of desiccation 
leading to mortality (Goldsmith et al. 2013). Because epi-
phytes do not root in the ground and have an aerial root 
system, water limitation is considered a major constraint 
on epiphyte distributions (Zotz and Hietz 2001). The risk 
of desiccation for orchid geophytes, however, may be offset 
due to their ability to undergo prolonged dormancy states 
underground during unfavourable environmental conditions 
(Tatarenko and Kondo 2003). The relevance of desiccation 
risk for orchids is further illustrated by the significant effect 
of the interaction between temperature and precipitation sea-
sonality on the diversity of non-geophytes, which decreased 
in diversity with increasing seasonality on islands with  
high temperatures, but not on islands with cooler tempera-
tures (Fig. 5F).

Because epiphytic orchids rely on host trees for structural 
support, we expected that forest cover would be an important 
predictor of epiphytic orchid diversity. While this was not 
observed in the richness model, forest cover was an impor-
tant predictor of the proportional representation of epiphytic 
orchids. The higher susceptibility of forest trees to low tem-
peratures and precipitation may also contribute to the cor-
relation between the diversity of epiphytic orchids with 
both temperature and cloud cover. Similarly, the high diver-
sity of epiphytic orchids in tropical montane cloud forests 
(Cardelús et al. 2006), which may occur at relatively low ele-
vations on oceanic islands (Keppel and Thomas 2009), may 
explain the positive effect of elevation on epiphytic orchid 
diversity. Indeed, non-geophytes also showed a positive rela-
tionship with elevation and precipitation, further illustrating 
their preference for non-seasonal, wet climates.

Conclusion

Our study revealed various biogeographic and bioclimatic 
factors that influence orchid species richness and endemism 
across different geological types and among three orchid life 
forms. We found that considering plant life forms clarified 
some perplexing results in orchid diversity patterns on islands 
and enabled a better understanding of the processes driving 
these diversity patterns. We therefore suggest that future 
studies include key functional differences to tease apart com-
plex relationships, which may not be captured by considering 
species richness alone. Determining additional factors that 
may better predict the number of endemic orchids on islands 
should be made a priority. In the specific case of orchids and 
other groups with many epiphytes like aroids and bromeli-
ads, one might also consider the distance to tropical source 
regions (review by Zotz 2005), or ecological factors such as 
the distribution of mycorrhizal fungi in the soil/on trees to 
reach a more complete understanding of the mechanisms 
underpinning orchid diversity patterns.
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