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abstract: Abiotic factors (e.g., temperature, precipitation) vary
markedly along elevational gradients and differentially affect major
groups of pollinators. Ectothermic bees, for example, are impeded
in visiting flowers by cold and rainy conditions common at high
elevations, while endothermic hummingbirds may continue forag-
ing under such conditions. Despite the possibly far-reaching effects
of the abiotic environment on plant-pollinator interactions, we know
little about how these factors play out at broad ecogeographic scales.
We address this knowledge gap by investigating how pollination sys-
tems vary across elevations in 26 plant clades from the Americas.
Specifically, we explore Cruden’s 1972 hypothesis that the harsh
montane environment drives a turnover from insect to vertebrate
pollination at higher elevations. We compared the elevational distri-
bution and bioclimatic attributes for a total of 2,232 flowering plants
and found that Cruden’s hypothesis holds only in the tropics. Above
307N and below 307S, plants pollinated by vertebrates (mostly hum-
mingbirds) tend to occur at lower elevations than those pollinated by
insects. We hypothesize that this latitudinal transition is due to the
distribution of moist, forested habitats favored by vertebrate pol-
linators, which are common at high elevations in the tropics but
not in the temperate Americas.

Keywords: altitudinal gradient, hummingbird habitats, pollinator
shift, precipitation.

Introduction

Biotic interactions are among the most prominent factors
limiting, promoting, and structuring organismal diversity
on Earth (Schemske et al. 2009; Wessinger et al. 2019;
Sinnott-Armstrong et al. 2021). For plant-pollinator in-
teractions, associations are unevenly distributed across
space owing to variation in pollinator availability and im-
portance in different regions and ecosystems (Ollerton
2017; Dellinger et al. 2021; Orr et al. 2021). Ecogeograph-
ical variation in plant-pollinator relationships emerges

across broad latitudinal and altitudinal gradients as major
groups of pollinating animals vary in their distributions
(e.g., Classen et al. 2015; Dellinger et al. 2021; McCabe
and Cobb 2021). For example, bats, rodents, and passerine
birds are important pollinators, particularly in tropical re-
gions (Ratto et al. 2018), while insects and hummingbirds
act as pollinators across latitudes in theAmericas. Similarly,
diverse insect pollinator assemblages (i.e., bees, beetles,
wasps, butterflies), common at low to middle elevations,
are narrowed to bumblebee-dominated and, particularly,
fly-dominated systems in many high-elevation commu-
nities (Arroyo et al. 1982; Warren et al. 1988; Primack and
Inouye 1993; Lefevbre et al. 2018; Adedoja et al. 2020; Mc-
Cabe and Cobb 2021). Although these patterns suggest a
critical role of climatic factors in structuring plant-pollinator
associations, we currently lack broadscale ecogeographic
assessments of the distribution of pollination modes.
Major turnovers in pollinator groups across latitudinal

and altitudinal gradients may reflect differences in the
pollinators’ tolerance of extrinsic abiotic climatic stress-
ors (Ollerton 2017; Lefevbre et al. 2018). For example,
cool and wet weather generally restricts the activity of ec-
tothermic animals like many bees and other small insects
(McCallum et al. 2013; Classen et al. 2015; Cozien et al.
2019), while large endothermic animals often continue to
forage through moderate to heavy rain (hummingbirds,
sunbirds; Sun et al. 2017; Lawson and Rands 2019). In
Cruden’s (1972) groundbreaking article, he used this ob-
servation to hypothesize that vertebrate-pollinated (par-
ticularly bird-pollinated) plants will be more abundant
in cool and rainy montane habitats, as birds will be more
reliable pollinators than bees under these climatic condi-
tions. His empirical studies of pollinator communities
along four elevational transects in the Mexican Sierra
Madre mountains supported this hypothesis (Cruden* Corresponding author; email: agnes.dellinger@univie.ac.at.
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1972). The environment-induced differences in activity
between ecto- and endothermic pollinators observed by
Cruden have critical evolutionary implications (Arroyo
et al. 1982; Krömer et al. 2006; Dellinger et al. 2021). Spe-
cifically, if cold and rainy conditions that are prevalent in
mountains consistently reduce bee, but not bird, pollina-
tor activity, we may expect to find repeated evolutionary
pollinator shifts in plant lineages that occur across ele-
vational gradients.
While Cruden’s hypothesis of insect-vertebrate polli-

nator turnover across elevational (and thus climatic)
gradients has been widely accepted, some reports indicate
that this pattern does not hold across latitudes. In temper-
ate regions, insects are often the dominant pollinators in
high-elevation ecosystems (McCallum et al. 2013; Wood-
ard 2017; McCabe and Cobb 2021), a pattern that may
relate to the ability of many pollinator species, such as
bumblebees and syrphid flies, to regulate their body tem-
perature (Heinrich 1974; Oyen and Dillon 2018). Hum-
mingbirds, by contrast, are more important pollinators
in more mesic, lower-elevation temperate areas (Grant and
Grant 1968; Hamilton and Wessinger 2022), so-called
hummingbird habitats (Stebbins 1989). Whether more
mesic habitats represent environments of increased hum-
mingbird pollinator importance more broadly remains to
be investigated.
Plant clades featuring evolutionary shifts in pollinators

(e.g., between bee and hummingbird pollination; Thom-
son andWilson 2008) and occurring across ecogeographic
gradients represent ideal systems to test whether there is a
strong link between abiotic environment and pollination
strategy. If certain abiotic environmental conditions do in-
deed favor pollination by vertebrates over insects (i.e.,
through a significant reduction of bee pollinator efficiency;
Thomson and Wilson 2008), we would expect to see ver-
tebrate pollination associated with these conditions re-
peatedly across different plant lineages. To our knowledge,
however, no attempts have been made to systematically
test whether pollination strategies of clades that have col-
onized montane environments and shifted pollinators fol-
low Cruden’s altitude-/climate-driven bee-hummingbird
pollinator turnover, and the potential bioclimatic thresh-
olds linked to such turnovers have not been identified.
Here, we address these research gaps by investigating

ecogeographic patterns of pollination systems across
2,232 plant taxa from 26 clades, serving as evolutionary
replicates, across the entire Americas. We chose to focus
on the Americas because, in contrast to other continents,
vertebrate pollinators are represented across latitudes by
hummingbirds there (Cronk and Ojeda 2008), allowing
for a broadscale test of Cruden’s (1972) altitude-/climate-
driven pollinator turnover hypothesis. In addition to testing
for associations between elevation and pollination systems,

we consider how environmental factors (temperature, pre-
cipitation, cloud cover) and biome type relate to pollina-
tion mode and whether moist, shady habitats do indeed
represent hummingbird habitats. Together, these analyses
provide the hitherto broadest assessment of ecogeographic
factors underlying the distribution of pollination strategies
in the Americas.

Methods

Selection of Study Clades and Scoring Pollination Mode

For selecting study clades, we employed the following cri-
teria: clades that (1) encompass both bee pollination and
hummingbird pollination in order to span insects and
vertebrates, (2) have molecular phylogenetic information
available, and (3) occur across elevational gradients in the
Americas. We note that, in targeting clades with evolu-
tionary pollinator transitions that may be associated with
elevation, our criteria exclude clades with narrow eleva-
tional ranges and clades with invariant pollination strat-
egies, which could be informative about community-level
questions (see “Discussion”). We also required that at least
some members of the clade have empirical studies of pol-
lination, allowing for system-specific predictions of polli-
nationmode in the remaining taxa. For the latter, we relied
on literature from experts in each system to classify the taxa
(see literature cited in table S1). To find clades meeting
these requirements, we began with the lists of Tripp and
Manos (2008) and Abrahamczyk and Renner (2015), and
we supplemented the dataset with other well-studied groups
(e.g., Bromeliaceae, Loranthaceae, Merianieae) using key-
word searches in Google Scholar (i.e., clade name 1 pol-
linat*). This resulted in an initial list of 2,563 taxa across
26 groups.
In summarizing the pollination literature for these taxa,

we scored the principal pollinator for each species as one
of five categories: bee, other insect, hummingbird, mixed
hummingbird and insect, and other vertebrates (e.g., bats,
other birds; table S1). These categories allow us to capture
some of the diversity of systems within insect and verte-
brate pollination and alignwith commonly used functional
groupings of pollinators in Neotropical systems (Fenster
et al. 2004). In total, we were able to score 27.6% of the taxa
for empirical pollinator observations. For the remainder,
we follow trait-based (pollination syndrome) scoring from
the literature (table S1).

GBIF Occurrence Data and Environmental Variables

The following steps were performed in the programming
environment R (R Development Core Team 2021). We
screened the initial plant taxon list (n p 2,563) using
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Taxonstand (Cayuela et al. 2021) to correct spelling
mistakes and synonyms. Next, we submitted the list to
the Global Biodiversity Information Facility (GBIF) to
search for occurrence data for each taxon (rgbif; Cham-
berlain et al. 2021). We applied strict filtering using the
function occ_issues, filtering out records with continent-
country mismatch, country-coordinate mismatch, continent
classification derived from coordinates, invalid continents
or coordinates, zero coordinates, coordinates out of range,
presumed swapped coordinates, invalid geodetic datum,
fuzzy taxon matches, and nonmetric, nonnumeric, or un-
likely elevation (leaving 732,047 records). Next, we filtered
data using CoordinateCleaner (Zizka et al. 2019), remov-
ing records located in country centroids, the sea, or
around GBIF headquarters; duplicates; and records with
equal longitude and latitude (leaving 548,251 records).
We then removed records outside of the Americas and
calculated median elevation, median latitude, and median
longitude for each taxon, leaving 1,807 taxa. Taking the
median per taxon further minimizes bias due to potential
single erroneous occurrence points.
Through this data extraction process, 29% of the taxa

(756) were removed because of a lack of elevation infor-
mation. To retain more species in the final dataset, we
repeated the GBIF query for these 756 species, filtering
for coordinate-related issues as above but not removing
records lacking elevation information (8,913 records).
For each of these records, we extracted an elevation value
from a global 30-arc-second elevation raster (raster; Ama-
tulli et al. 2018; Hijmans 2021) and again calculated me-
dian elevation, latitude, and longitude per taxon. To verify
compatibility of both datasets, we use the same process
to extract elevation information for the 1,807 that already
had elevation data and found that the reported and ex-
tracted elevations produced a high positive correlation
(R2 p 0:97).
We ran an additional manual screening of the taxon

list to identify misspelled taxon names or synonyms that
had not been corrected by Taxonstand and downloaded
additional data as specified above. Finally, since some rare
taxamay have gotten lost by the strict filtering settings, we
ran a last GBIF query for the remaining taxa with more
relaxed filtering settings (filtering only through Coordi-
nateCleaner, adding five taxa). This left us with a final
dataset of 2,232 taxa across 26 study groups (table S1;
fig. S1), with a median number of 22 occurrence points per
taxon (range: 1–8,238). Of these, 68 taxa were represented
by a single occurrence record, distributed evenly across pol-
lination strategies (with 35 insect pollinated and 33 verte-
brate pollinated).
To evaluate the associations between pollination modes

and climate, we downloaded layers for mean annual tem-
perature (bio1) and precipitation (bio12) from theWorld-

Clim dataset at 30-arc-second resolution (Hijmans 2017).
In addition, we downloaded data on mean annual cloud
cover (https://www.earthenv.org/cloud), since high cloud
cover strongly impacts flight activity of poikilothermic
insects but not of birds (Cruden 1972). Next, for each
pruned occurrence record, we extracted the respective pre-
cipitation, temperature, and cloud cover value and calcu-
lated the median per taxon. The final dataset is available in
theDryadDigital Repository (https://doi.org/10.5061/dryad
.bcc2fqzfg; Dellinger et al. 2023).

Ecogeographic Modeling

To summarize distribution patterns in our dataset, we
plotted occurrence data on a map of the Americas (map-
tools; Bivand and Lewin-Koh 2021). We used Whittaker
biomes (plotbiomes; Whittaker 1975; Ricklefs 2008; Stefan
and Levin 2021) to assess whether vertebrate- or insect-
pollinated species in our sample consistently associate
with different major ecogeographic areas. We used x2 sta-
tistics to test for differences in biome occupation. To vi-
sualize the relative contribution of different biomes to x2

statistics, we plotted standardized residuals using correla-
tion plots (corrplot; Wei and Simko 2021). Standardized
residuals higher than52 indicate a strong contribution of
the respective biome (fig. 1).
We used generalized linear mixed effects models

(GLMMs; lme4; Bates et al. 2015) to test whether associ-
ations between pollination mode and elevation or climate
depend on latitude. Since elevation was strongly positively
correlated with precipitation and temperature (fig. S2), we
included only elevation, latitude, and cloud cover in our
model. Furthermore, we merged the five pollinator groups
into a binary response variable (insect vs. vertebrate) for
two reasons. First, visualizing our data showed strikingly
similar patterns among species classified as bee or other in-
sect pollinated and among species classified as humming-
bird, mixed hummingbird and insect, or other vertebrate
pollinated (figs. S3, S4). Second, species initially classified
as other vertebrate pollinated were restricted to the tropics,
which would bias model estimation at higher latitudes. We
used spline correlograms (Bjornstad 2022) to rule out is-
sues related to spatial autocorrelation both in our raw data
and in our fitted models (see below). We then constructed
binomial GLMMs (logit link), testing for an interaction of
elevation, cloud cover, and latitude. We included the re-
spective study clades as a random effect variable, testing
models with random intercepts and with random slopes
(e.g., elevationFtaxonomic group) and intercepts. Since ini-
tial models did not converge, we scaled and centered the
numeric predictor variables and optimized models using
bobyqa (Bates et al. 2014) across 200,000 iterations. For select-
ing the best-fit model, we ran stepwisemodel simplification
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Figure 1: Geographical and biome distribution of insect- and vertebrate-pollinated species included in our dataset. a, b, Insect-pollinated
species (n p 1,262; a) and vertebrate-pollinated species (n p 970; b) across the Americas; each point represents the median occurrence of
each species. c, Vertebrate-pollinated species in our dataset were primarily found under intermediate mean annual temperature (107C–207C)
and mean annual precipitation (e.g., in temperate seasonal forests), while insect-pollinated species also occurred under cooler and drier (e.g.,
in temperate grasslands, shrublands) and warmer (e.g., in tropical seasonal forests) conditions. d, Contribution of biomes (absolute stan-
dardized residuals) to total x2. Positive values (blue) indicate a positive relationship, and negative values (red) indicate a negative relationship.
The size of the circle indicates the strength of the relationship.



(drop1) to identify the most parsimonious model and used
x2 and ANOVA to check whether the simplified model led
to a significant reduction in the residual sum of squares.
We also compared model fit using Akaike information cri-
terion (AIC; table S4). To validate the final model, we visu-
ally checked Pearson residuals, predicted versus original
values, and the receiver operating characteristic curve
(pROC; Robin et al. 2011; fig. S5). We visualized fixed
and random effects using sjPlot (Lüdecke 2021; fig. S6), ef-
fects (Fox and Weisberg 2018), and ggplot2 (Wickham
2016). We back transformed model coefficients before
plotting using custom settings in sjPlot (plot_model func-
tion; Lüdecke 2021).
Next, to assess the robustness of our results regarding

the relationships between pollination, elevation, and lati-
tude, we ran four additional sets of analyses. First, to as-
sess potential bias arising from uneven sampling across
study groups and pollination strategies, we randomly sub-
sampled our dataset to 25% 100 times, reran model selec-
tion, refitted the best-fit models, and summarized model
coefficients (tables S5, S6). Second, to assess potential
bias from using pollination syndromes in the literature to
classify taxa, we reran the model selection with only the
616 species from 23 clades (258 insect pollinated and
358 vertebrate pollinated) that had empirically documented
pollinators (table S7; figs. S7, S8). Third, to check whether
middomain effects (i.e., artificial peaks in species richness
owing to geometric constraints when reducing distribution
data to median values; Colwell et al. 2016) bias our results,
we randomly resampled the pruned occurrence data to one
occurrence point per species 100 times, refitted the best-fit
model, and summarized results through boxplots (fig. S9).
Finally, to test the effect of grouping plants with mixed
hummingbird and insect pollination with vertebrate-
pollinated plants (see above) to produce a binary response
variable, we repeated the analyses comparing insect (n p
1,263) or vertebrate (n p 845) pollination versus mixed
hummingbird and insect (n p 124) pollination in turn
(table S8; fig. S10).
As our results showed marked differences in eleva-

tional patterns between (sub)tropical and temperate zones,
we split the original dataset into widely circumscribed (in-
cluding subtropics) tropics (307S to 307N; tropics are de-
fined as523.467), temperate north (above 307N), and tem-
perate south (below 307S). For each partition, we used the
approach outlined above to determine the best-fit model
and estimate the effects of mean annual temperature, pre-
cipitation, and cloud cover on pollination mode.
While we accounted for some phylogenetic structure

in our GLMMs by specifying the study groups as random
effects, we additionally ran phylogenetic GLMMs formore
accurate assessment of phylogenetic nonindependence
of data points. To this end, we downloaded the angiosperm-

wide phylogeny provided by Zanne et al. (2014) and
Smith and Brown (2018) through Jin and Hong (2019;
V.PhyloMaker) and pruned it to the species included in
our sample. Approximately 41% of our study species (932)
were covered by this phylogeny, with even sampling across
the distribution range and pollination strategies (472 insect-
pollinated species, 460 vertebrate-pollinated species; fig. S4;
table S2). On this subset, we built binary phylogenetic
GLMMs including elevation, latitude, and cloud cover under
a Brownianmotionmodel of trait evolution (binaryPGLMM
function in ape; Paradis and Schliep 2019). We refrained
from Bayesian fitting to avoid phylogenetic variance get-
ting trapped around zero (a common problem in bino-
mial GLMMs; Paradis and Schliep 2019). Since cloud
cover did not show significant effects, we reduced themodel
to include only an interaction between elevation and lati-
tude (table S9).

Results

Contrasting Patterns of Pollinator
Turnover across Latitudes

Our analysis of pollination modes across the final set of
2,232 taxa belonging to 26 clades from 22 families showed
marked variation in associations with elevation across
latitudes. Considering the five pollination categories (bee,
n p 1,141; insect, n p 122; hummingbird, n p 758;
mixed hummingbird and insect, n p 124; other verte-
brate, n p 87), we found that species with hummingbird,
mixed, or other vertebrate pollination becomemore abun-
dant at higher elevations in the tropics (above ~1,500 m)
but not in temperate mountains (figs. S3, S4). Instead, in
temperate regions, in our study clades, vertebrate pollina-
tion dominates at lower elevations (below 1,000 m in the
Southern Hemisphere, below 1,300 m in the Northern
Hemisphere). The species pollinated by bees and other
insects show a contrasting pattern; they aremost abundant
at lower elevations in the tropics (below 1,000 m) and at
higher elevations in the temperate zone (~1,000–2,000 m).
These results suggest that Cruden’s (1972) hypothesis of
a turnover of insect and vertebrate pollination at high
elevations holds only for tropical lineages.
We further explored this contrast using GLMMs, and

given the similarity of the curves for plants pollinated
by insects (bee and other insects) and the similarity of
the curves for plants pollinated by vertebrates (humming-
bird, mixed hummingbird and insect, and other verte-
brate; fig. S3), we grouped the bee-pollinated and gener-
alized insect-pollinated species into one insect category
and the remaining partly or fully vertebrate-pollinated
species into one vertebrate category. Using insect pollina-
tion as the reference level, we found that both elevation and
latitude, but not cloud cover, had strong and significant
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effects on vertebrate pollination (estimatep20.03, like-
lihood ratio p 21.4, Z p 24:679, P ! :001, area under
the receiver operating characteristic curve [AUC] p
0.806; tables 1, S4; figs. 2, S5). We recovered the same
model in our sensitivity analyses when randomly selecting
25% of the data (96 of 100 replicates showed P ! :01 ef-
fects of elevation# latitude; tables S5, S6), when resam-
pling the dataset to include one randomly picked occur-
rence point per species (all 100 runs showed P ! :01
effects of elevation#latitude; fig. S9), and when account-
ing for phylogenetic relatedness (table S9; fig. S11). More-
over, reducing the dataset to only taxa with empirical ob-
servations (n p 616) resulted in a best-fit model with the
same significant interaction between latitude and elevation
as the full model (estimate p 20.03, likelilhood ratio p
14.42, Z p 23:703, P ! :001, AUC p 0.82; table S7).
In this subset, the pattern of vertebrate-pollinated species
occurring at higher elevations than insect-pollinated spe-
cies in the tropics is well supported (fig. S7), but elevational
differences between the two pollinationmodes are not clear
in the temperate zones (note the wide confidence intervals
for the slopes; figs. S7, S8).
We also examined whether these patterns of pollina-

tion mode varying with latitude and elevation were ap-
parent in the 26 individual clades (used as random effects
in our GLMM). Indeed, 25 of the 26 clades show the pat-
tern of having a higher probability of vertebrate pollina-
tion at high elevations in the tropics and at low elevations
at higher latitudes (note the crossing red and purple lines
in fig. S6). A notable exception is found in the tropical
Centropogonids (Campanulaceae), where insect-pollinated

species (genus Lysipomia) commonly occur on tropical
mountain summits (Páramo) above vertebrate-pollinated
relatives.
Finally, we returned to consider the mixed humming-

bird and insect category andwhether it indeedmore closely
follows the pattern recovered for vertebrate-pollinated
plants, as suggested by visual inspection (fig. S3). We re-
peated the GLMM analyses, first contrasting only the in-
sect versus mixed taxa, and even with vertebrate pollina-
tion represented only in the mixed taxa, we recovered the
same effects of elevation and latitude (estimate p 20.037,
likelihood ratio p 21.8, Z p 24:614, P ! :001; AUC p
0.845; removing the elevation# latitude interaction in-
creases the AIC from 701 to 721; table S8; see also fig. S10a,
S10b). By contrast, models with elevation are not among
the top models when we compare mixed- versus vertebrate-
pollinated taxa (table S8), and we observe no differences
across elevation (best-fit model including latitude only:
estimate p 20.987, likelihood ratio p 7.22, Z p 22:337,
P ! :001; fig. S10c). Together, these analyses support the
observation that the species with mixed hummingbird
and insect pollination more closely track the patterns of
the vertebrate-pollinated taxa and thus that lineages that
transition to high-elevation habitats in the tropics may
benefit from some, if not exclusive, vertebrate pollination.

Cloud Cover and Moist Conditions Predict Vertebrate
Pollination across Latitudes

Given that Cruden’s (1972) hypothesis was based on as-
sociations of pollinator activity with climatic conditions,

Table 1: Best-fit generalized linear mixed effects models on the effect of elevation, latitude,
and bioclimatic variables on pollination mode

Estimate SE Z P

Full model:
Intercept 2.05157 .29089 2.177 .859
Elevation .86595 .19050 4.546 !.001
Abs(latitude) 2.00498 .00624 2.798 .425
Elevation# abs(latitude) 2.02729 .00583 24.679 !.001

Tropics:
Intercept .94678 .33336 2.840 .00451
Cloud cover .31511 .06725 4.685 !.001

Temperate north:
Intercept 2.9452 .4313 22.192 .02841
Precipitation .5996 .2051 2.923 !.01
Cloud cover 213.084 .2418 25.412 !.001

Temperate south:
Intercept .1035 .7781 .133 .8942
Precipitation 14.595 .6877 2.122 .0338

Note: Models for the full dataset and the tropics included random slopes and intercepts with elevation
and temperature, respectively, for the study clades; see table S4 for details on model selection. Insect pol-
lination was used as reference level, and significant factors are shown in bold. Abs p absolute.

Elevational Pollinator Turnover 157



Figure 2: Relationship between pollination mode, elevation, and different bioclimatic variables across latitudes. a, Marked differentiation in the
distribution of insect- and vertebrate-pollinated species across latitudes, with vertebrate-pollinated species occurring at higher elevations
than insect-pollinated species in the tropics but not in temperate regions. b, Vertebrate-pollinated species associate with lower mean annual
temperatures in tropical regions than insect-pollinated species but with slightly warmer conditions in temperate zones. c, Variable
relationships among pollination strategies and mean annual precipitation, with bee-pollinated species in our dataset occurring under slightly
wetter conditions than vertebrate-pollinated species around the equator. d, Vertebrate-pollinated species occur in areas with higher cloud
cover than bee-pollinated species in the temperate south and the tropics.



we next examined possible environmental drivers of pol-
linator turnover, focusing on mean annual temperature,
precipitation, and cloud cover (fig. 2b–2d). To avoid con-
founding effects owing to varying patterns across lati-
tudes (fig. 2a), we split the dataset into tropical (grossly
defined as5307, hence including subtropics) and tem-
perate zones (north and south). Temperature was not sig-
nificant in any of the models for either data partition and
was never retained as a fixed effect in the best-fit models
(tables 1, S4). However, precipitation emerged as a signif-
icant predictor in both the tropics and the southern tem-
perate regions, with vertebrate pollination associated with

higher precipitation. We also recovered an association of
high cloud cover with vertebrate pollination in the tropics
and the northern temperate zone (table 1; figs. 3, S12).
In addition, since climatic factors are associated with

particular biomes (Whittaker 1975), we tested whether
insect and vertebrate pollination also show an association
with biome.We found that, indeed, insect- and vertebrate-
pollinated species differ significantly in biome occupation
(x2 p 149:81, df p 7, P ! :001; table S3; fig. 1c, 1d).
While both pollination strategies were found in each bi-
ome (except tundra), vertebrate-pollinated species were
significantly more common in temperate seasonal forests

Figure 3: Results of the best-fit generalized linear mixed effects models (GLMMs) investigating the effects of different bioclimatic variables
across latitudes. a, Probability of vertebrate pollination increases significantly across elevation in the tropics (07,5107 latitude), while it grad-
ually decreases toward higher latitudes (5307,5507). b, Probability of vertebrate pollination increases significantly with increased cloud
cover in the tropics (i.e., montane cloud forests; n p 1,917). c, In the temperate zones of the Northern Hemisphere, the probability of ver-
tebrate pollination decreased significantly with increasing cloud cover but less so when precipitation was high (n p 265). d, In the temperate
zones of the Southern Hemisphere, the probability of vertebrate pollination increased with increasing precipitation (n p 50). Insect polli-
nation was used as reference level in the binomial GLMMs (and is hence not depicted), and 95% confidence intervals are given. *P ! .05;
**P ! .01; ***P ! .001.
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and temperate rainforests, where temperature and precip-
itation are intermediate (e.g., 107C–207C; fig. 1; table S3).
Insect-pollinated species occurred significantlymore often
under warmer conditions in tropical seasonal forests/
savannas and under both cooler conditions and drier con-
ditions in wood-/shrublands, boreal forests, and temperate
grasslands (fig. 1; table S3).

Discussion

Altitude-Driven Pollinator Turnover across the Americas

Cruden (1972) hypothesized that bird pollination is ad-
vantageous for flowering plants occurring in the often
cold and rainy high-elevation habitats. Our study found
that this hypothesis holds in the (sub)tropics (i.e., be-
tween ~307N and ~307S) but not in temperate regions,
where insects are important pollinators also at high el-
evations. Although our dataset is largely composed of
bee- and hummingbird-pollinated species (51% and 34%,
respectively), the overall pattern holds for other types of
pollinators (figs. S3, S4). Temperature is tightly correlated
with elevation (figs. 2a, 2b, S2) and decreases at higher
elevations globally, a phenomenon known as the eleva-
tional air temperature gradient (Blüthgen 1980). Not sur-
prisingly, temperature was a poor predictor of the impor-
tance of vertebrate versus insect pollination across latitudes.
Indeed, insect pollinators as a group are not restricted from
high elevations simply because of thermal constraints due
to smaller body size and physiology, since bumblebees can
forage in near-freezing temperatures (Bruggemann 1958;
Oyen andDillon 2018) and thus are effective high-elevation
pollinators (McCallum et al. 2013; Woodard 2017). Simi-
larly, flies use sun basking to elevate their body tempera-
ture and are important high-elevation pollinators in many
ecosystems (González et al. 2009;McCabe andCobbs 2021;
Pelayo et al. 2021).
We found that indicators of mesic versus arid condi-

tions (mean annual precipitation and cloud cover) were
predictors of the importance of vertebrates versus insects,
even across latitudes (table 1). Consistent with the notion
that cloudy and rainy weather deters insect pollinators
(Cruden 1972; Kearns 1992; Michener 2000), we found
that vertebrate pollination was positively associated with
higher precipitation in temperate zones (fig. 3c, 3d) and
with higher cloud cover in both the tropics and the tem-
perate north (fig. 3b, 3c). Birds, in particular, are able to
forage in wet weather (Lawson and Rands 2019), although
bats may have reduced foraging capabilities in rain (Voigt
et al. 2011). This strong relationship between pollination
mode and precipitation has been recovered in previous
smaller-scale studies, where precipitation was negatively
correlated with insect pollination but positively correlated

with vertebrate pollination (Cruden 1972; Devoto et al.
2005; Dalsgaard et al. 2009; González et al. 2009; Chalcoff
et al. 2012). In accordance with this, our biome analysis
suggested that vertebrate pollination is important in cool
mesic and wet forests (e.g., cloud forests), while insect pol-
lination is important in dry forests and savannas (fig. 1c,
1d). Insect pollination inmoist biomes appears constrained
to warmer conditions (fig. 1c). Together, these results sug-
gest that—across latitudes—shady,moist, forested ecosys-
tems are key habitats for endothermic vertebrate pollina-
tors (hummingbird habitats; Stebbins 1989).

Evolutionary History, Pollinator Niche Saturation,
and Seasonality

The associations between pollinator importance and ele-
vation must be considered in light of the evolutionary his-
tory and ecological context of the tropics versus temperate
regions. Tropical montane cloud forests feature abundant
hummingbird habitats, as evidenced by notable radiations
of several hummingbird lineages in tropical mountains
(McGuire et al. 2014). By contrast, hummingbirds have
not diversified extensively in tropical lowlands and have
only recently (5 million years ago) diversified in temperate
zones, resulting in ~300 hummingbird species in the trop-
ics and only about 20 in temperate zones (McGuire et al.
2014; Abrahamczyk and Renner 2015). This pattern may
suggest that the strong relationship between tropicalmoun-
tains and vertebrate pollination is largely driven by the evo-
lutionary radiation of hummingbirds in the cloud forest
environment. Even if true, this conclusion would underscore
how certain environmental conditions—the abundant hum-
mingbird habitats in tropical cloud forests—favor a partic-
ular pollinator group and result in repeated evolutionary
pollinator shifts across plant clades that have colonized this
environment (Thomson and Wilson 2008; Lagomarsino
et al. 2016; Dellinger et al. 2021; Hamilton and Wessinger
2022).
A similar case can be made for the importance of bum-

blebee pollination at high elevation in temperate regions.
The temperate mountains included in our study (mostly
southern Andes, Rocky Mountains) feature habitats that
are suitable for species-rich bumblebee pollinator commu-
nities, including dry, cool, sparse forests or open grassland
(Rundel 1994; McCabe and Cobbs 2021). Bumblebees ap-
pear to successfully occupy the available pollination niche
space in these habitats (Pyke et al. 2011). By contrast, the
tropical mountains included here aremostly wet, and com-
paratively few large, cold-adapted bee species (e.g., from
the genera Bombus, Centris, Eufriesia) reach the montane
cloud forest or Páramo zones (Roubik 1989; Gonzalez
and Engel 2004; Perillo et al. 2021). The abundance and di-
versity of cold-adapted bees in tropical mountains may be
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further limited by competition for pollination niche space
with abundant vertebrate pollinators (Temeles et al. 2016).
Such competitive interactions, along with differences in
abiotic tolerances, have been suggested as structuring the
distribution of moth and hummingbird pollination (Cru-
den 1976) and should be considered for a full description
of the drivers of broadscale patterns of plant-pollinator
interactions.
Finally, latitudinal differences in seasonality likely

contribute to the dominance of vertebrate pollinators
in tropical, but not temperate, mountains. While tropical
forests do present some seasonal variation, floral nectar
resources are generally available year-round, and hum-
mingbirds may track resources through small-scale (alti-
tudinal) migration (Abrahamczyk et al. 2011; Maglianesi
et al. 2015). By contrast, temperate zones are character-
ized by marked seasonal variation in nectar resources be-
cause of constrained flowering periods that are defined
by snow melt at high elevations and summer drought
at lower elevations (Inouye and Wielgolaski 2013). Dur-
ing their short summer breeding seasons, the long-distance
migratory, temperate hummingbirds require nectar re-
sources to be abundant and near to nesting sites in trees
(Grant and Grant 1968; Stebbins 1989; McKinney et al.
2012). Truncated flowering periods and limited nesting
sites at high elevations (above the treeline) possibly limit
hummingbird-pollinated plants to lower elevations in tem-
perate zones.

Parallel Trends Outside the Americas

While we focused on the ecogeographic patterns in the
Americas because of the many temperate and tropical
plant clades with bee-bird pollinator shifts, the broader
findings may extend to other parts of the world. For ex-
ample, pollination activities by insects, but not birds, are
reduced during rainy and cloudy days in a lowland ever-
green forest in South China (Sun et al. 2017), under-
scoring that continued flower visitation during rain is
not a singularity of hummingbirds. Moreover, vertebrate
pollination has increased importance during the rainy
season in tropical African mountains (i.e., Janeček et al.
2015; Klomberg et al. 2022). Seasonality seems equally rel-
evant in explaining flowering of (generalist) nectar-feeding
bird-adapted plants in temperate Asia and Australia (Ford
et al. 1979; Funamoto 2019) and rodent-pollinated plants
in South Africa (Wiens 1983). In both cases, vertebrate-
adapted plants tend to flower primarily during rainy and
cool winter months (Chen et al. 2019), underscoring the
increased importance of vertebrate pollination under wet
conditions.
Patterns of pollinator turnover across elevations are

less clear (Abrahamczyk 2019), but this is due in large

part to a paucity of studies. For example, pollinator inter-
action networks from Mount Cameroon (5.77N) suggest
continued importance of insect pollinators across eleva-
tion (i.e., butterflies [Mertens et al. 2021], bees [Klomberg
et al. 2022]), while another study from Mount Kiliman-
jaro (37S) shows a decline with elevation (bees; Classen
et al. 2015). Importantly, bumblebees are absent from sub-
Saharan Africa and Australia, potentially freeing niche space
at high elevations (e.g., for other bees, moths, beetles; Ade-
doja et al. 2020), while they are important pollinators in
the Oriental region (i.e., India, tropical China, Southeast
Asia; Corlett 2004) and mountains of temperate East Asia
(Funamoto 2019; Paudel et al. 2019). Furthermore, studies
of specific plant genera—some in plant clades that other-
wise feature abundant insect pollination (i.e., Melastoma-
taceae; Dellinger et al. 2022)—suggest a turnover from in-
sect to vertebrate pollination with increasing elevation in
African and Asian tropical mountains (i.e.,Mucuna; Koba-
yashi et al. 2021). Similar to our study, the pattern may po-
tentially be reversed outside of the tropics—for example,
in temperate Himalayan Rhododendron, bird-pollinated
species reportedly occur in moist montane forests, while
bumblebee-pollinated species are found in the higher ele-
vation Alpine zone (Basnett et al. 2019).

Conclusions and Future Directions

Building on decades of comparative pollination studies
across North, Central, and South America, we uncovered
consistent patterns showing that both Cruden (1972) and
Stebbins (1989) were right. In the tropics, where verte-
brate pollinators are most diverse, they serve as the most
important high-elevation pollinators in our study clades,
providing service in the rainy conditions that deter insect
pollinators (Cruden 1972). However, in temperate re-
gions, vertebrate pollination ismore common at low to in-
termediate elevations, where those moist conditions are
more common (e.g., wooded ravines; Stebbins 1989), leav-
ing insects (especially large-bodied bees and flies) as the
more important pollinators in drymontane habitats. These
patterns highlight the importance of pollinator physiology
as driving the turnover in plant-pollinator interactions
along climatic gradients (Arroyo et al. 1982; Warren et al.
1988; Lefevbre et al. 2018; McCabe and Cobb 2021).
This study also points to several fruitful areas for future

studies that seek to understand ecogeographic variation
in pollination systems. First, we categorized species by the
major pollinator to capture broad differences in the distri-
bution of vertebrate and insect pollination. However, these
relationships are naturally continuous (with each pollina-
tor species varying in importance and across space and
time; Mayfield et al. 2001). Delving into this continuous
variation, while not possible at the scale of thousands of
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species, would give greater insight into the climatic thresh-
olds where turnovers in pollination systems occur. Our
analyses of the species with mixed hummingbird and in-
sect pollination hint at this more complex dynamic, as
they actually peak at a higher elevation than primarily
bird-pollinated species (fig. S3). This result is consistent
with the idea that a more generalized system provides a
successful “backup” strategy in the harshest environments
(Dellinger et al. 2019; Bergamo et al. 2021). Examining the
degree of generalization (or specialization) would be a wel-
come complement to our study and, depending on the
thermal tolerance of different pollinator species, may pres-
ent relationships with temperature that did not emerge
from our study at the level of entire functional groups.
Furthermore, evolutionary pollinator shifts can clearly oc-
cur without species moving to a new/different abiotic en-
vironment (Hamilton and Wessinger 2022), exemplified
by several clades featuring repeated pollinator shifts also
in lowland rainforest environments (e.g., Costus; Vargas
et al. 2020; Kay andGrossenbacher 2022). In parallel, plant
clades may retain the same functional pollinator group
even across ecogeographic gradients or be restricted to nar-
row elevational ranges (these were hence excluded from
our study, since they did not meet our selection criteria).
Including such clades and detailed pollinator and trait data
in future studies would allow tackling intriguing questions,
such as what variables (i.e., competition for/among polli-
nators, phenological mismatch, coflowering, flower devel-
opmental constraints) may drive or hinder evolutionary
pollinator shifts in addition to or irrespective of the abiotic
environment. Using community-level data would further
allow for more complete tests of Cruden’s hypotheses and
explore whether, even at large biogeographic scales, the rel-
ative abundance of insect- and vertebrate-pollinated plants
changes in correlation with climatic factors.
Finally, although our sampling is largely based on

clades with hummingbird and bee pollination spanning
wide elevational ranges, we predict that the broad asso-
ciations between wet forests and vertebrate pollination
will hold beyond our study clades from American moun-
tains. Support for this hypothesis comes from, for exam-
ple, the intriguing absence of hummingbird-pollinated
plants in the Patagonian steppe (but high abundance in
temperate, southern forests; Armesto et al. 1996; Devoto
et al. 2005) and singular observations of vertebrate polli-
nation in otherwise insect-pollinated lineages in moun-
tains/wet seasons in the Paleotropics (Janeček et al. 2015;
Funamoto 2019). Conducting studies similar to ours at a
global scale or including community-level data will be nec-
essary, however, to begin to partition the relative impor-
tance of abiotic and biotic factors in driving pollinator
shifts and structuring broadscale distribution patterns of
plant-pollinator interactions.
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