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Abstract

Animal pollinators directly affect plant gene flow by transferring pollen grains

between individuals. Pollinators with restricted mobility are predicted to limit

gene flow within and among populations, whereas pollinators that fly longer

distances are likely to promote genetic cohesion. These predictions, however,

remain poorly tested. We examined population genetic structure and fine-scale

spatial genetic structure (FSGS) in six perennial understory angiosperms

in Andean cloud forests of northwestern Ecuador. Species belong to three

families (Gesneriaceae, Melastomataceae, and Rubiaceae), and within each

family we paired one insect-pollinated with one hummingbird-pollinated

species, predicting that insect-pollinated species have greater population

differentiation (as quantified with the FST statistic) and stronger FSGS

(as quantified with the SP statistic) than hummingbird-pollinated species. We

confirmed putative pollinators through a literature review and fieldwork, and

inferred population genetic parameters with a genome-wide genotyping

approach. In two of the three species pairs, insect-pollinated species had much

greater (>2-fold) population-level genetic differentiation and correspondingly

steeper declines in fine-scale genetic relatedness. In the Gesneriaceae pair,

however, FST and SP values were similar between species and to those of the

other hummingbird-pollinated plants. In this pair, the insect pollinators are

euglossine bees (as opposed to small bees and flies in the other pairs), which

are thought to forage over large areas, and therefore may provide similar levels

of gene flow as hummingbirds. Overall, our results shed light on how different

animal pollination modes influence the spatial scale of plant gene flow,

suggesting that small insects strongly decrease genetic cohesion.

KEYWORD S
2b-RAD sequencing, Andean cloud forest understory, fine-scale spatial genetic structure,
hummingbird pollination, insect pollination, neotropical plants, population genetic structure

INTRODUCTION

Understanding how plant mutualists influence spatial
patterns of genetic diversity is central to plant biology,

especially in the present scenario of biodiversity decline
due to human-accelerated environmental change (Aguilar
et al., 2008, 2019; Dick et al., 2008; Hardy et al., 2006).
Animal pollinators directly affect gene flow within and
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among flowering plant populations via the transfer of pollen
grains (Hamrick et al., 1992; Loveless & Hamrick, 1984).
Early reviews on patterns of genetic structure in plants
found that wind tends to homogenize plant gene
pools, whereas animal pollination is associated with higher
population genetic differentiation (Duminil et al., 2007;
Hamrick & Godt, 1996) as well as stronger fine-scale
spatial genetic structure (FSGS; i.e., the nonrandom spatial
distribution of closely related individuals) (Dick et al., 2008;
Gelmi-Candusso et al., 2017). However, those studies
lumped together all animals, overlooking the effect of differ-
ent pollinators on gene flow dynamics within and among
plant populations. More recently, global reviews on the
effects of various factors on population genetic differentia-
tion for 337 plant species (Gamba & Muchhala, 2020) and
on the strength of FSGS for 147 plant species (Gamba and
Muchhala, unpublished manuscript) found that plants
pollinated by small insects have a greater genetic structure
than plants pollinated by large insects and vertebrates.
These findings are consistent with differences in pollen
dispersal among different types of animal pollinators.

Pollen dispersal ultimately depends on the foraging
behavior and pollen carryover capacity of pollinators
(Levin, 1979). Pollinators with large foraging areas can
carry pollen long distances, potentially enhancing gene
flow within and among plant populations, while pollina-
tors with local foraging behavior may reduce gene flow.
This trend has been predicted in seminal reviews
(Levin, 1981; Loveless & Hamrick, 1984), and supported
in empirical studies of temperate and subtropical plants
(Breed et al., 2015; Kramer et al., 2011; Linhart
et al., 1987; Linhart & Grant, 1996), and in a recent study
in a set of neotropical Merianieae (Dellinger et al., 2022).

Studies of pollinator movement show that small
insects, such as flies, solitary bees, and small beetles,
generally forage in relatively small areas, visiting most
flowers in a single plant and then moving to nearby
plants (Campbell, 1985; Escaravage & Wagner, 2004;

Hasegawa et al., 2015). Conversely, large insects such as
moths, butterflies, and large bees have larger foraging
areas, frequently associated with traplining behavior
(i.e., repeatedly visiting a sequence of flowers over several
locations) (Levin, 1979; Murawski & Gilbert, 1986; Rhodes
et al., 2017; Schmitt, 1980). Similarly, volant vertebrates
such as nonterritorial hummingbirds and bats also follow a
traplining foraging behavior (Fleming, 1982; Lemke, 1984,
1985; Tello-Ramos et al., 2015), potentially covering
even greater distances than large insects (Campbell &
Dooley, 1992; Castellanos et al., 2003; Linhart, 1973;
Melampy, 1987; Sahley, 2001; Serrano-Serrano et al., 2017;
Webb & Bawa, 1983), and flying across fragmented habitats
(Breed et al., 2015; Byrne et al., 2007; Hadley & Betts, 2009;
Krauss et al., 2017; Levin, 1979; Machado et al., 1998;
Sahley, 2001; Solís-Hern�andez & Fuchs, 2019; Southerton
et al., 2004). Therefore, pollination by volant vertebrates
should increase the spatial scale of intraspecific gene flow,
resulting in larger genetic plant neighborhoods (sensu
Webb, 1984, Wright, 1946), relative to pollination by insects
(Bezemer et al., 2016; Karron et al., 1995; Krauss, 2000;
Krauss et al., 2009).

In this study we examined if, relative to hummingbird
pollination, insect pollination is in fact associated with:
(1) greater genetic differentiation between populations,
and (2) stronger FSGS structure within populations. We
focused on six frequent and locally abundant perennial
understory angiosperms in the Andean cloud forest of
northwestern Ecuador, a highly diverse but threatened
ecosystem. Species belong to three families, and within
each family we paired one insect-pollinated species
(euglossine bees, or small buzzing bees, or hoverflies and
wasps) with one species predominantly pollinated by
traplining hummingbirds (Table 1). All six focal species
share a similar geographic range, are putatively
outcrossing, and mostly similar in their seed dispersal
(see Methods: Study species and pollinators). Therefore,
we expect that any trend of variation in population

TAB L E 1 Characteristics of studied species and sites where they were sampled.

Species Growth form Pollinators (source) Fruit type Sites

Drymonia brochidodroma (Gesneriaceae) Herbaceous Euglossine bees (this study) Fleshy capsule SL, T

Drymonia tenuis (Gesneriaceae) Subshrub Traplining hummingbirdsa Fleshy capsule SL, P, B

Miconia rubescens (Melastomataceae) Shrub Small buzzing beesb Berry SL, P, B

Meriania tomentosa (Melastomataceae) Shrub Traplining hummingbirds/batsa,c Dry capsule SL, P, B

Notopleura longipedunculoides (Rubiaceae) Subshrub Wasps/flies/bees (this study) Berry SL, P, B

Palicourea demissa (Rubiaceae) Shrub Traplining hummingbirdsa Berry SL, B

Abbreviations: B, Bellavista; P, El Pahuma; SL, Santa Lucía; T: Las T�angaras.
aWeinstein & Graham, 2017.
bRenner, 1989; Gamba & Almeda, 2014.
cMuchhala & Jarrin-V, 2002; Dellinger et al., 2019.
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genetic differentiation and FSGS across species will be
due primarily to pollination mode. We confirmed puta-
tive pollinators through fieldwork, and we used a
genome-wide genotyping approach to obtain data for esti-
mates of genetic structure.

METHODS

Study sites

We performed this study in Santa Lucía (0.12 N, 78.6 W),
El Pahuma (0.02 N, 78.6 W), Bellavista (0.01 S, 78.7 W),
and Las T�angaras (0.08 S, 78.8 W), four private reserves
located on the northwestern slope of the Andean cordillera
of Ecuador, in the province of Pichincha ~40 km northwest
of Quito. Sites are 5–23 km apart, historically connected by
continuous forest that is now selectively logged, composed
of secondary and primary cloud forest ranging from 1800
to 2500 m in elevation, and part of the southern end of the
“biogeographic Choco” (Mordecai et al., 2009). Because
they are nearby and similar in elevation, they share many
species, yet the distance between them potentially imposes
a physical barrier for the movement of pollinators, making
them ideal for studying the effect of different animal polli-
nators on plant gene flow.

Study species and pollinators

To select our focal species, we compiled a list of species
occurring at all sites using the Tropicos.org database of the
Missouri Botanical Garden and visited the sites to observe
abundances. We selected six perennial understory angio-
sperms from three families, based on their high abundance
and frequency along transects of the reserves. We chose one
insect-pollinated and one hummingbird-pollinated species
per family, including Drymonia brochidodroma Wiehler
and Drymonia tenuis (Benth.) J.L.Clark (Gesneriaceae),
Miconia rubescens (Triana) Gamba & Almeda and
Meriania tomentosa (Cogn.) Wurdack (Melastomataceae),
and Notopleura longipedunculoides (C.M.Taylor) C.M.Taylor
and Palicourea demissa Standl. (Rubiaceae; with the
hummingbird-pollinated species listed second in each case).
Pairing by family allowed us to account for phylogenetic
autocorrelation when comparing FST and SP values between
insect-pollinated vs hummingbird-pollinated plants, although
we note that pairs differed in how closely related they
were to each other: the Gesneriaceae species pair was the
most closely related (same genus: Drymonia), followed by
the Rubiaceae species pair (same tribe: Palicoureeae), and
last by the Melastomataceae species pair (same subfamily:
Melastomatoideae).

We obtained information on pollination mode from
peer-reviewed literature (Clark et al., 2015; Dellinger
et al., 2019; Gamba & Almeda, 2014; Muchhala &
Jarrin-V, 2002; Renner, 1989; Weinstein & Graham, 2017),
and by videotaping plants in the field (Table 1). Specifically,
for species with little information on pollination mode
(D. brochidodroma and N. longipedunculoides), we con-
firmed putative pollinators by videotaping flowers with four
high-definition Sony digital camcorders for 4 days at each
site. Cameras simultaneously videotaped four individuals
per day (one species per day, eight individuals per species
per site). Flowers were videotaped in the morning (6:30 AM
to 11:30 AM) and in the afternoon (01:30 PM to 06:30 PM).
Among hummingbird-pollinated species, M. tomentosa is
also pollinated by nectar bats (Muchhala & Jarrin-V, 2002)
and, along with D. tenuis and P. demissa, can also be
visited by territorial hummingbirds (Dellinger et al., 2019,
Weinstein & Graham, 2017).

Based on our field observations, the spatial distribution
of all six species appeared widespread and consistent within
sites, with occasional clusters of conspecifics. Geographic
distributions are also similar; all species occur along western
Ecuador, with our study sites near the center of their ranges
(Global Biodiversity Information Facility). Little information
is known about their seed dispersal and floral biology,
although fruit and floral morphology and previous field
studies in closely related species gave some clues. Most study
species have fleshy fruits (Table 1) that are presumably
consumed by understory birds, as reported for M. rubescens
(Kessler-Rios & Kattan, 2012) and closely related species
(Loiselle & Blake, 1999), as well as for Psychotria, which
is related to Palicourea and similar in habit and habitats
(Loiselle et al., 1995; Loiselle & Blake, 1993; Theim
et al., 2014). Drymonia have fleshy capsules, often termed
“display-capsules” in understory Gesneriaceae, because of
their presumed role in animal attraction (Clark et al., 2012).
The limited reports suggest these are also consumed by
understory birds, as well as frugivorous bats and monkeys
(Wiehler, 1983). The capsular fruits of M. tomentosa
probably have wind- or gravity-dispersed seeds, as in many
understory Melastomataceae with the same type of fruit
(Renner, 1989), potentially making this species the most
limited in seed dispersal. All six species have mechanisms to
reduce selfing, either via marked herkogamy (i.e., spatial
separation of stigma and anthers via style elongation) in the
Melastomataceae (Renner, 1989), protandry (i.e., temporal
separation of male and female phases, with anthers
releasing pollen and dying-off before stigma is receptive)
in the Gesneriaceae (Clark et al., 2012; Wiehler, 1983), or
distyly (i.e., polymorphism in style length within a popula-
tion in which flowers in one individual are monomorphic)
in the Rubiaceae (Bawa & Beach, 1983). Self-incompatibility
(via intramorph incompatibility) is common in the

ECOLOGY 3 of 12
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Rubiaceae (Bawa & Beach, 1983), but less clear in
the Gesneriaceae and Melastomataceae, where both self-
incompatibility and self-compatibility have been docum-
ented (Ramírez-Aguirre et al., 2016; Renner, 1989).

Molecular work and genotyping

We collected leaf tissue and extracted DNA from
20 individuals per species from each of the three study
sites (please refer to Table 1 for sampled sites per spe-
cies). We largely followed available trails in the reserves,
making sure sampled individuals were at least 20 m apart
from each other, and taking GPS coordinates for each.
We used a genome-wide restriction site-associated DNA
sequencing technique termed 2b-RAD (Wang et al., 2012)
to build loci de novo (Catchen et al., 2013) and obtain
100–1000 of unlinked SNPs (please refer to Appendix S1:
Sections S1 and S2). For estimating population genetic
parameters, we removed ~20% of total individuals
genotyped due to >50% missing data (2–17 individuals
per species; Appendix S1: Table S1). Please refer to
Gamba and Muchhala (2022) for all geographic and
genetic data.

Inference of population genetic parameters

We used the program GenoDive v3.0 (Meirmans & Van
Tienderen, 2004) to calculate genetic diversity statistics
for each species. We assessed population genetic struc-
ture using the F-statistics derived from an Analysis of
Molecular Variance (AMOVA; Excoffier et al., 1992).
AMOVA determines the proportion of genetic variance
partitioned within individuals, among individuals within
subpopulations, and among subpopulations. Related
F-statistics were obtained with an infinite allele model;
therefore, they are equivalent to G-statistics (Nei, 1973;
Nei & Chesser, 1983). These include FIT (the mean
reduction in heterozygosity of an individual relative to the
total population), FIS (the inbreeding coefficient among
individuals within sites), and FST (the global genetic
differentiation among sampled sites). The statistical signifi-
cance of these diversity statistics was assessed using 1000
random permutations of the data, while their standard
deviations were obtained by jackknifing over loci.

To visualize population genetic structure for each
species, we used principal component analyses (PCA).
After SNP calling and filtering, we obtained a VCF for
each species with the final set of SNPs from the program
“populations” on our pipeline (Appendix S1: Section S2).
We then used the R program (Core Team, 2018)
SNPRelate (Zheng et al., 2012) to convert the VCF to a

GDS file with snpgdsVCF2GDS and to compute PCA on
each species’ SNP set with snpgdsPCA.

Inference of fine-scale spatial genetic
structure

We evaluated FSGS for each species via spatial auto-
correlation analyses at the individual level (Vekemans &
Hardy, 2004) using the program SPAGeDi v.1.3a (Hardy &
Vekemans, 2002). We first transformed individuals’
decimal degree coordinates into the Universal Transverse
Mercator coordinate system, which is compatible with
the SPAGeDi version we used. We then assessed genetic
relatedness between all pairs of individuals i and j with
Nason’s kinship coefficient, Fij (Loiselle et al., 1995). We
specified five distance intervals for each species and
allowed the program to define their maximal distance such
that the number of pairwise comparisons within each
interval was kept approximately constant. Fij values were
regressed on the natural logarithm of the spatial distance
separating pairs of individuals, ln(dij), to quantify regres-
sion slopes, b. To test for significant fine-scale spatial
structure, spatial positions of individuals were permuted
1000 times to obtain a frequency distribution of b under
the null hypothesis that Fij and ln(dij) are not correlated.
We quantified the strength of FSGS with the SP statistic
(Vekemans & Hardy, 2004), which is calculated as
�b/(1 � F1), where F1 is the mean Fij between all pairs of
individuals in the first distance interval containing nearest
neighbors (< ~1 km for all species). The SP statistic mainly
depends on the slope of the kinship–distance curve,
allowing direct comparisons of FSGS among species
(Vekemans & Hardy, 2004). Standard errors of all
FSGS statistics were obtained by jackknifing over loci. To
visualize FSGS, we plotted the mean Fij at each distance
interval over the five distance intervals for each species.

RESULTS

Pollinators

We recorded, in total, 10 individuals and 30 h (i.e.,
~3 h/individual) for D. brochidodroma, and 12 individuals
and 35 h (i.e., ~2.9 h/individual) for N. longipedunculoides.
From these videos, we observed that D. brochidodroma was
exclusively visited by euglossine bees (also please refer to
Clark et al., 2015), with five bee visits lasting ~10 s each,
whereas N. longipeduncoloides was visited by wasps,
hoverflies, and small bees. We recorded 18 wasp visits last-
ing ~60 s each, 10 hoverfly visits ~30 s each, and five bees
visits ~15 s each. Although we did not record pollinators for
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M. rubescens, their anther morphology and small
flowers conformed to the buzz-pollination syndrome
common to this genus, adapting them to small buzzing
bees that shake anthers to release pollen from
tiny apical pores (Brito et al., 2016). Drymonia tenuis,
M. tomentosa, and P. demissa are primarily pollinated
by traplining hummingbirds; for a complete list please
refer to Weinstein and Graham (2017).

Filtered genetic datasets

After SNP calling and quality control using different
filtering procedures, we obtained a mean of 2,797,308
SNP loci per species (� 1,091,949 SD; range:
879,138–4,151,836), with average coverage ranging from
14.0–95.1 read depth per locus across species
(Appendix S1: Table S1). After removing individuals with
>50% missing data, final sample sizes of individuals per
species per study site ranged from 8–18 (mean =

13 � 3 SD), and the number of variant loci ranged from
1044–4907 (mean = 2699 � 1427 SD) across species, with
missing data across species ranging from 24%–38%
(mean = 33% � 5 SD) (Appendix S1: Tables S2 and S3).

Gene diversity was similar across species; total
expected heterozygosity (HT) ranged from 0.21–0.25
(mean = 0.23 � 0.02; Appendix S1: Table S2) and mean
expected heterozygosity within sites (HS) ranged from
0.17–0.26 (mean = 0.22 � 0.02). Additionally, all species
showed statistically significant levels of inbreeding, as
indicated by significant GIS values depending on whether
these were pooled across sites (mean = 0.30 � 0.14 SD;
Appendix S1: Table S2) or analyzed separately by site
(mean = 0.32 � 0.16 SD; Appendix S1: Table S3).

Population-level genetic structure

AMOVA results revealed that, in all species, most of the
genetic diversity resides within populations/sites, whereas
less genetic diversity resides among sites (Appendix S1:
Table S4). AMOVA FIT showed that for most species a
large proportion of individuals across study sites were out
of Hardy–Weinberg equilibrium, and this was likely to be
due to inbreeding. In fact, AMOVA FIS was significant for
all species, congruent with our GIS estimates above, and
confirming that there was substantial inbreeding within
sites across studied species. Furthermore, AMOVA FST
was variable (range = 0.03–0.21, average = 0.10 � 0.06)
but significant for all species, demonstrating considerable
genetic differentiation among study sites (Table 2).
Regarding pollination systems, for two of the three pairs of
species (Melastomataceae and Rubiaceae), FST values were

more than twice as high for the insect-pollinated species,
while in the final pair (Gesneriaceae), FST values were
comparable for the insect- and hummingbird-pollinated
species (Table 2, Figure 1). A PCA of filtered SNPs showed
some separation of individuals following their site of
origin (Appendix S1: Figure S1), but the percentage varia-
tion explained by PC1 and PC2 was generally <15%,
suggesting admixture between sites. In M. rubescens and
N. longipedunculoides, however, PC1 and PC2 explained
~20 and 35%, respectively, of the SNP variation, in accor-
dance with their higher FST values.

Fine-scale spatial genetic structure

FSGS was significant for all studied species, in that
regression slopes b of pairwise kinship coefficients on
the natural logarithm of spatial distance were always
significantly negative (Table 3). The extent of FSGS as
quantified with the SP statistic varied by an order of
magnitude across species, ranging from 0.009 to 0.089
(mean = 0.04 � 0.03 SD). This variation is evident in our
FSGS visualizations (Figure 2; Appendix S1: Tables S5–S10),
which showed that species pollinated by insects tended to
have steeper average kinship–distance slopes (Figure 2 a,c,e)
than species pollinated by hummingbirds (Figure 2 b,d,f).
Given that standard errors associated with each average Fij
are vanishingly small (Appendix S1: Tables S5–S10), they
are not observable in Figure 2. SP values were higher for all
insect-pollinated species relative to hummingbird-pollinated
ones (average = 0.054 � 0.03 SD vs. 0.017 � 0.01 SD).
Among species pairs, this pattern was most pronounced in
the Melastomataceae and Rubiaceae pairs, with little differ-
ence in the Gesneriaceae pair (Table 3, Figure 1).

DISCUSSION

The contrasting effect of different pollinators on plant
gene flow has remained largely unexplored, especially
in the Neotropics (Wessinger, 2021, but please refer
to Dellinger et al., 2022). Our study highlights that
pollinator type can have a strong impact on genetic
structure: among our species pairs, two of the three species
pollinated by insects had greater levels of population
genetic differentiation and stronger FSGS than their
hummingbird-pollinated counterparts (Tables 2 and 3,
Figure 1). Our findings support the idea that pollinator
movement during foraging affects the spatial scale of
intraspecific plant gene flow, with the limited movement
of small insects restricting gene flow within and among
populations, and the traplining behavior of hummingbirds
promoting genetic cohesion.
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Our chosen study species allowed us to control for
other factors that might impact plant population
genetic structure and FSGS, increasing the probability
that differences in FST and SP values are in fact due
directly to animal pollination mode rather than a

confounding variable. For example, pairing species
within families allowed us to control for phylogenetic
autocorrelation in our dataset. Furthermore, all
species belong to cloud forest understory sites inside
the southern end of the Choco Andean corridor

TAB L E 2 Estimates of population genetic structure for each studied species.

Species N total N loci AMOVA FIT (SE) AMOVA FIS (SE) AMOVA FST (SE)

Drymonia brochidodroma 35 4907 0.42 (0.007) 0.37 (0.007) 0.08 (0.004)

Drymonia tenuis 29 1044 0.56 (0.014) 0.51 (0.015) 0.10 (0.010)

Miconia rubescens 34 2171 0.50 (0.009) 0.43 (0.010) 0.13 (0.005)

Meriania tomentosa 32 3883 0.29 (0.008) 0.24 (0.008) 0.06 (0.003)

Notopleura longipedunculoides 41 1815 0.35 (0.013) 0.17 (0.014) 0.21 (0.008)

Palicourea demissa 30 2376 0.22 (0.012) 0.19 (0.012) 0.03 (0.003)

Note: N total, number of genotyped individuals in the final genetic dataset; N loci, number of variant loci in the final genetic dataset; AMOVA FIT represents
the deviation from Hardy–Weinberg equilibrium within individuals relative to the expected heterozygosity in the total population; AMOVA FIS represents the
inbreeding coefficient among individuals within sites; AMOVA FST represents the global genetic differentiation among sampled sites. Significance of statistics
(FIS and FST) is denoted in bold (p = 0.001) and is based on 1000 permutations of the data. The insect-pollinated species is listed first for each pair.

(a) (b)

F I GURE 1 Genetic parameters evaluated in three insect-pollinated vs three hummingbird-pollinated plants paired by taxonomic

family, corresponding to (a) AMOVA FST values and (b) SP values. Error bars surrounding dots correspond to standard errors obtained

through jackknifing over loci. Lines connect species pairs by family: solid line for the Rubiaceae, dashed line for the Melastomataceae, and

dotted line for the Gesneriaceae.

TAB L E 3 Estimates of FSGS parameters for each studied species.

Species N pairs F1 (SE) b ln(distance) SP (SE)

Drymonia brochidodroma 595 0.053 (0.003) �0.024 (0.001) 0.025 (0.001)

Drymonia tenuis 406 0.044 (0.007) �0.021 (0.002) 0.022 (0.002)

Miconia rubescens 561 0.105 (0.005) �0.043 (0.002) 0.048 (0.002)

Meriania tomentosa 496 0.051 (0.002) �0.018 (0.001) 0.019 (0.001)

Notopleura longipedunculoides 820 0.180 (0.006) �0.073 (0.003) 0.089 (0.003)

Palicourea demissa 435 0.018 (0.002) �0.009 (0.001) 0.009 (0.001)

Note: N pairs, number of comparisons between all pairs of conspecific individuals; F1, kinship coefficient between individuals in the first distance interval
(separated by <1 km); b ln(distance), slope of the regression of kinship coefficients on the natural logarithm of spatial distance; SP, intensity of FSGS for each
species. Standard errors (SE) were obtained through jackknifing over loci. Significance of parameters (F1 and b) is denoted in bold (p < 0.01) and is based on
1000 permutations of individual locations. The insect-pollinated species is listed first for each pair.
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(Mordecai et al., 2009) that are relatively well
connected by a continuous corridor of forests.
Therefore, pollinator movement between sites for all
species should be constrained by the same geographic
barriers. Similarly, the geographic distribution of our
study species greatly overlaps, especially in Ecuador
and Colombia, and study sites are always well within
their distributions (rather than at the edges, which
might affect genetic structure; Global Biodiversity
Information Facility). Miconia rubescens has the
widest distribution, Notopleura longipedunculoides
extends to Panama, Meriania tomentosa and
Palicourea demissa to Peru (the former also to
Venezuela), whereas the two Drymonia are restricted
to Ecuador and Colombia. Seed dispersal across spe-
cies is likely to be similar; seeds either fall under
mother plants (Noé, E. Toapanta, personal

observation, March 2016) or are predominantly con-
sumed by understory frugivores (observed by birders
and guides in the study sites). Additionally, most species
pairs have the same type of fruit: D. brochidodroma and
D. tenuis have fleshy capsules, and N. longipedunculoides
and P. demissa have berries. The exception is the
Melastomataceae pair, in which M. tomentosa has dry
capsules and M. rubescens has fleshy berries. We would
expect capsular seeds to be dispersal limited and there-
fore correspond with higher FST and SP values than a spe-
cies with fleshy berries, which is likely to be dispersed by
animals. Our data instead found that M. tomentosa has
lower FST and SP values than M. rubescens, suggesting
that vertebrate pollination (by hummingbirds and bats)
in this species overrides any dispersal limitation
imposed by the dry capsules. Furthermore, all species
exhibited occasional clusters of individuals in our

F I GURE 2 Average kinship–ln(distance) curves of each studied species. Filled symbols represent significant (p < 0.05) average kinship

coefficient values based on 1000 permutations of individual spatial locations among all individuals. Open symbols represent non-significant

(p > 0.05) average kinship coefficient values. Dotted lines correspond to linear regressions. For associated standard errors of average Fij at each

distance interval refer to Appendix S1: Tables S5–S10. (a) Drymonia brochidodroma. (b) Drymonia tenuis. (c)Miconia rubescens. (d)Meriania

tomentosa. (e) Notopleura longipedunculoides. (f) Palicourea demissa. Photographs by Diana Gamba.
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study sites. In fleshy fruited plants, this clustering is
often associated with the foraging behavior of under-
story birds that aggregate around preferred food
sources (Kessler-Rios & Kattan, 2012; Loiselle &
Blake, 1993; Smith, 2001) therefore potentially limiting
gene flow via seed dispersal.

Our study species have various mechanisms to
reduce autogamy (via protandry, herkogamy, or distyly;
see Methods: Study species and pollinators), yet they all
exhibited significant levels of inbreeding as evidenced by
their FIS values (Table 2). This could be due to spatial
distributions and mating between close relatives, or to
pollinators transferring pollen between flowers on the
same plant (geitonogamy), as all species typically have
multiple flowers open at any given time. Interestingly,
the Rubiaceae species showed the lowest FIS values,
which makes sense given that the distyly and
intramorph incompatibility exhibited by these species
(Bawa & Beach, 1983) is likely to be a more effective
mechanism at preventing geitonogamy than protandry
or herkogamy, given that individual plants are either
short or long styled (i.e., all flowers on a plant have the
same morphology). Observed differences in inbreeding
levels, however, do not seem to underlie the differences
we found in population genetic differentiation or strength
of FSGS. Inbreeding can increase genetic structure by
increasing genetic drift (Duminil et al., 2007; Vekemans &
Hardy, 2004) however, among our focal species,
inbreeding coefficients (AMOVA FIS in Table 2) were not
correlated with AMOVA FST (r = �0.06, t = 0.11, p = 0.9)
nor with SP (r = �0.25, t = 0.52, p = 0.6).

We note that differences in FST and SP values were
more pronounced between the Rubiaceae species pair
(7-fold and 10-fold, respectively), followed by the
Melastomataceae pair (2.2-fold and 2.5-fold, respec-
tively), and last by the Gesneriaceae pair (almost equiv-
alent values; Tables 2 and 3, Figure 1). Notopleura
longipedunculoides (Rubiaceae) is largely pollinated by
tiny wasps and hoverflies that probe most flowers in
the same individual and stay among nearby plants (D.
Gamba, personal observation, January 2018), consistent with
it having the greatest observed FST and SP values. Miconia
rubescens (Melastomataceae) is pollinated by relatively small
pollen-collecting bees (e.g., Melipona and Trigona;
Renner, 1989), consistent with the intermediate FST and SP
values. Finally, D. brochidodroma (Gesneriaceae) is polli-
nated by euglossine bees, which are larger and have been
reported to fly long distances (Janzen, 1971; L�opez-Uribe
et al., 2008), in line with D. brochidodroma having the
smallest FST and SP values among our insect-pollinated
plants. Therefore, differences between insect pollinators may
explain this pattern. Among our vertebrate-pollinated
species, P. demissa is visited by ~15 hummingbird species,

M. tomentosa is visited by ~eight hummingbird species and
by nectar bats (Muchhala & Jarrin-V, 2002), and D. tenuis is
visited by ~seven hummingbird species (Weinstein &
Graham, 2017). Some of these hummingbirds are territorial,
but most are traplining (Weinstein & Graham, 2017), there-
fore the latter should override the potential isolating effect of
the former. The fact that the two Drymonia species had such
similar FST and SP values suggests that euglossine bees and
hummingbirds may be similar in their pollen dispersal abil-
ity. Overall, our genetic structure results are also consistent
with direct measures of pollen dispersal based on paternity
analyses, in that bats and hummingbirds can transport pol-
len for several kilometers, large insects such as euglossine
bees for more than 600 m, while insects smaller than a hon-
eybee rarely transfer pollen more than 300 m (Dick
et al., 2008; Webb & Bawa, 1983).

We might also expect different vertebrates to vary in
pollen dispersal ability in the same way that insects
do. For instance, foraging behavior among humming-
birds can strongly impact plant gene flow (Cuevas
et al., 2018; Murawski & Gilbert, 1986; Schmidt-Lebuhn
et al., 2019), as evidenced by the fact that territorial
hummingbirds move pollen much shorter distances than
traplining hummingbirds (Betts et al., 2015; Ohashi &
Thomson, 2009; Wolowski et al., 2013). Hummingbirds
and bats may also differ, as the latter have been
found to carry pollen more efficiently (Muchhala &
Thomson, 2010) and to longer distances than humming-
birds (Lemke, 1984, 1985; Tello-Ramos et al., 2015). We
encourage future work to look more in depth at how
plant gene flow is affected by behavioral differences
within pollinator guilds. For example, foraging ranges of
pollinators might predict the spatial scale of plant gene
flow, but this could be complicated by behaviors such as
grooming or differences in pollen retention on fur,
feathers, and insect hairs. A larger sample with details
on pollinator behavior would clarify the effects of these
differences on plant population structure.

Our study provides new evidence on the contrasting
effect that different animal pollinators can have on the
spatial scale of intraspecific plant gene flow. We found
that plants pollinated by small insects have considerably
higher population genetic differentiation and stronger
FSGS than hummingbird-pollinated plants. Our results
also suggest that large insects, such as euglossine bees,
can connect plant populations as effectively as traplining
hummingbirds. Therefore, the effect of different animal
pollinators on neotropical plant gene flow can be signifi-
cantly different at local (within populations) and regional
(among populations) scales (e.g., Dellinger et al., 2022).
Our results are also relevant to conservation efforts,
suggesting that plants pollinated by small insects are
likely to be very susceptible to habitat fragmentation
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(more so than vertebrate-pollinated plants, e.g., Côrtes
et al., 2013), as this can further isolate populations and
result in the loss of genetic variability due to increased
genetic drift (Aguilar et al., 2008, 2019). Nevertheless,
focal studies show that plants pollinated by humming-
birds and bats can also experience detrimental effects due
to habitat fragmentation (Hadley et al., 2018; Hadley &
Betts, 2009; Nunes et al., 2017; Wanderley et al., 2020).
Future studies should seek to compare how animal
foraging behavior, animal flying distances, and their
related effect on plant gene flow might be altered due to
anthropogenic disturbance.

AUTHOR CONTRIBUTIONS
Diana Gamba and Nathan Muchhala planned and
designed the research. Diana Gamba collected and ana-
lyzed the data. Diana Gamba wrote the initial draft of
the manuscript. Diana Gamba and Nathan Muchhala
contributed equally to substantial revisions of the
manuscript.

ACKNOWLEDGMENTS
Thanks to Nora Oleas and Paola Peña for help with the
research permit in Ecuador (MAE-DNB-CM-2015-017).
Robert Ricklefs, Christine Edwards, and Carmen
Ulloa provided advice in this study. We also thank field
assistants An Nguyen, Carlos Imery, and Alexander
Lascher-Posner for their valuable help. Thanks to fami-
lies at Santa Lucía, Bellavista, El Pahuma, and Las
T�angaras cloud forest reserves for their conservation
efforts and hospitality. Finally, we thank Amanda
Grusz for help with SPAGeDi analyses. This research
was supported by two graduate research grants from
the Whitney R. Harris World Ecology Center at UMSL
and one research grant from the American Society of
Plant Taxonomists to Diana Gamba.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
Data (Gamba & Muchhala, 2022) available from Dryad:
https://doi.org/10.5061/dryad.rr4xgxdbf.

ORCID
Diana Gamba https://orcid.org/0000-0002-0421-6437
Nathan Muchhala https://orcid.org/0000-0002-4423-
5130

REFERENCES
Aguilar, R., E. J. Crist�obal-Pérez, F. J. Balvino-Olvera, M. de Jesús

Aguilar-Aguilar, N. Aguirre-Acosta, L. Ashworth, J. A. Lobo,
S. Martén-Rodríguez, E. J. Fuchs, and G. Sanchez-Montoya.

2019. “Habitat Fragmentation Reduces Plant Progeny Quality:
A Global Synthesis.” Ecology Letters 22: 1163–73.

Aguilar, R., M. Quesada, L. Ashworth, Y. Herrerias-Diego, and
J. Lobo. 2008. “Genetic Consequences of Habitat
Fragmentation in Plant Populations: Susceptible Signals in
Plant Traits and Methodological Approaches.” Molecular
Ecology 17: 5177–88.

Bawa, K. S., and J. H. Beach. 1983. “Self-Incompatibility Systems in
the Rubiaceae of a Tropical Lowland Wet Forest.” American
Journal of Botany 70: 1281–8.

Betts, M. G., A. S. Hadley, and W. J. Kress. 2015. “Pollinator
Recognition by a Keystone Tropical Plant.” Proceedings of the
National Academy of Sciences 112: 3433–8.

Bezemer, N., S. L. Krauss, R. D. Phillips, D. G. Roberts, and
S. D. Hopper. 2016. “Paternity Analysis Reveals Wide Pollen
Dispersal and High Multiple Paternity in a Small Isolated
Population of the Bird-Pollinated Eucalyptus Caesia
(Myrtaceae).” Heredity 117: 460–71.

Breed, M. F., K. M. Ottewell, M. G. Gardner, M. H. Marklund,
M. G. Stead, J. B. C. Harris, and A. J. Lowe. 2015. “Mating
System and Early Viability Resistance to Habitat
Fragmentation in a Bird-Pollinated Eucalypt.” Heredity 115:
100–7.

Brito, V. G. L., T. G. Fendrich, E. C. Smidt, I. G. Varassin, and
R. Goldenberg. 2016. “Shifts from Specialized to Generalized
Pollination Systems in Miconieae (Melastomataceae) and their
Relation with Anther Morphology and Seed Number.” Plant
Biology 18: 585–93.

Byrne, M., C. P. Elliott, C. Yates, and D. J. Coates. 2007. “Extensive
Pollen Dispersal in a Bird-Pollinated Shrub, Calothamnus
quadrifidus, in a Fragmented Landscape.” Molecular Ecology
16: 1303–14.

Campbell, D. R. 1985. “Pollen and Gene Dispersal: The Influences
of Competition for Pollination.” Evolution 39: 418–31.

Campbell, D. R., and J. L. Dooley. 1992. “The Spatial Scale of
Genetic Differentiation in a Hummingbird-Pollinated Plant:
Comparison with Models of Isolation by Distance.” The
American Naturalist 139: 735–48.

Castellanos, M. C., P. Wilson, and J. D. Thomson. 2003. “Pollen
Transfer by Hummingbirds and Bumblebees, and the
Divergence of Pollination Modes in Penstemon.” Evolution 57:
2742–52.

Catchen, J., P. A. Hohenlohe, S. Bassham, A. Amores, and
W. A. Cresko. 2013. “Stacks: An Analysis Tool Set for
Population Genomics.” Molecular Ecology 22: 3124–40.

Clark, J. L., L. Clavijo, and N. Muchhala. 2015. “Convergence of
Anti-Bee Pollination Mechanisms in the Neotropical Plant Genus
Drymonia (Gesneriaceae).” Evolutionary Ecology 29: 355–77.

Clark, J. L., M. M. Funke, A. M. Duffy, and J. F. Smith. 2012.
“Phylogeny of a Neotropical Clade in the Gesneriaceae: More
Tales of Convergent Evolution.” International Journal of Plant
Sciences 173: 894–916.

Côrtes, M. C., M. Uriarte, M. R. Lemes, R. Gribel, W. John Kress,
P. E. Smouse, and E. M. Bruna. 2013. “Low Plant Density
Enhances Gene Dispersal in the Amazonian Understory Herb
Heliconia acuminata.” Molecular Ecology 22: 5716–29.

Cuevas, E., J. Espino, and I. Marques. 2018. “Reproductive Isolation
between Salvia elegans and S. Fulgens, Two Hummingbird-
Pollinated Sympatric Sages.” Plant Biology 20: 1075–82.

ECOLOGY 9 of 12

 19399170, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecy.3845 by U

niversity O
f M

issouri, St. L
o, W

iley O
nline L

ibrary on [20/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5061/dryad.rr4xgxdbf
https://orcid.org/0000-0002-0421-6437
https://orcid.org/0000-0002-0421-6437
https://orcid.org/0000-0002-4423-5130
https://orcid.org/0000-0002-4423-5130
https://orcid.org/0000-0002-4423-5130


Dellinger, A. S., O. Paun, J. Baar, E. M. Temsch,
D. Fern�andez-Fern�andez, and J. Schönenberger. 2022.
“Population Structure in Neotropical Plants: Integrating
Pollination Biology, Topography, and Climatic Niches.”
Molecular Ecology 31: 1–17.

Dellinger, A. S., L. M. Scheer, S. Artuso, D. Fern�andez-Fern�andez,
F. Sornoza, D. S. Penneys, R. Tenhaken, S. Dötterl, and J.
Schönenberger. 2019. “Bimodal Pollination Systems in
Andean Melastomataceae Involving Birds, Bats, and Rodents.”
The American Naturalist 194: 104–16.

Dick, C. W., O. J. Hardy, F. A. Jones, and R. J. Petit. 2008. “Spatial
Scales of Pollen and Seed-Mediated Gene Flow in Tropical
Rain Forest Trees.” Tropical Plant Biology 1: 20–33.

Duminil, J., S. Fineschi, A. Hampe, P. Jordano, D. Salvini,
G. G. Vendramin, and R. J. Petit. 2007. “Can Population
Genetic Structure Be Predicted from Life-History Traits?” The
American Naturalist 169: 662–72.

Escaravage, N., and J. Wagner. 2004. “Pollination Effectiveness and
Pollen Dispersal in a Rhododendron ferrugineum (Ericaceae)
Population.” Plant Biology 6: 606–15.

Excoffier, L., P. E. Smouse, and J. M. Quattro. 1992. “Analysis of
Molecular Variance Inferred from Metric Distances among
DNA Haplotypes: Application to Human Mitochondrial DNA
Restriction Data.” Genetics 131: 479–91.

Fleming, T. H. 1982. “Foraging Strategies of Plant-Visiting Bats.” In
Ecology of Bats 287–325. New York, NY: Springer.

Gamba, D., and F. Almeda. 2014. “Systematics of the Octopleura
Clade of Miconia (Melastomataceae: Miconieae) in Tropical
America.” Phytotaxa 179: 1.

Gamba, D., and N. Muchhala. 2020. “Global Patterns of Population
Genetic Differentiation in Seed Plants.” Molecular Ecology 29:
3413–28.

Gamba D., and N. Muchhala. 2022. “Population Genetic and
Geographic Data of Six Neotropical Plant Species.” Dryad,
Dataset https://doi.org/10.5061/dryad.rr4xgxdbf.

Gelmi-Candusso, T. A., E. W. Heymann, and K. Heer. 2017.
“Effects of Zoochory on the Spatial Genetic Structure of Plant
Populations.” Molecular Ecology 26: 5896–910.

Hadley, A. S., and M. G. Betts. 2009. “Tropical Deforestation Alters
Hummingbird Movement Patterns.” Biology Letters 5: 207–10.

Hadley, A. S., S. J. Frey, W. D. Robinson, and M. G. Betts. 2018.
“Forest Fragmentation and Loss Reduce Richness,
Availability, and Specialization in Tropical Hummingbird
Communities.” Biotropica 50: 74–83.

Hamrick, J. L., M. J. W. Godt, and S. L. Sherman-Broyles. 1992.
“Factors Influencing Levels of Genetic Diversity in Woody Plant
Species.” New Forests 6: 95–124.

Hamrick, J. L., and M. W. Godt. 1996. “Effects of Life History Traits
on Genetic Diversity in Plant Species. Philosophical
Transactions of the Royal Society of London.” Series B:
Biological Sciences 351: 1291–8.

Hardy, O. J., L. Maggia, E. Bandou, P. Breyne, H. Caron,
M. H. Chevallier, A. Doligez, C. Dutech, A. Kremer, and
C. Latouche-Hallé. 2006. “Fine-Scale Genetic Structure and
Gene Dispersal Inferences in 10 Neotropical Tree Species.”
Molecular Ecology 15: 559–71.

Hardy, O. J., and X. Vekemans. 2002. “SPAGeDi: A Versatile
Computer Program to Analyse Spatial Genetic Structure at the

Individual or Population Levels.” Molecular Ecology Notes 2:
618–20.

Hasegawa, Y., Y. Suyama, and K. Seiwa. 2015. “Variation in
Pollen-Donor Composition among Pollinators in an
Entomophilous Tree Species, Castanea crenata, Revealed by
Single-Pollen Genotyping.” PLoS One 10: e0120393.

Janzen, D. H. 1971. “Euglossine Bees as Long-Distance Pollinators
of Tropical Plants.” Science 171: 203–5.

Karron, J. D., R. Tucker, N. N. Thumser, and J. A. Reinartz. 1995.
“Comparison of Pollinator Flight Movements and Gene
Dispersal Patterns in Mimulus ringens.” Heredity 75: 612–7.

Kessler-Rios, M. M., and G. H. Kattan. 2012. “Fruits of
Melastomataceae: Phenology in Andean Forest and Role as a
Food Resource for Birds.” Journal of Tropical Ecology 28: 11–21.

Kramer, A. T., J. B. Fant, and M. V. Ashley. 2011. “Influences of
Landscape and Pollinators on Population Genetic Structure:
Examples from Three Penstemon (Plantaginaceae) Species in
the Great Basin.” American Journal of Botany 98: 109–21.

Krauss, S. L. 2000. “Patterns of Mating in Persoonia mollis
(Proteaceae) Revealed by an Analysis of Paternity Using
AFLP: Implications for Conservation.” Australian Journal of
Botany 48: 349–56.

Krauss, S. L., T. He, L. G. Barrett, B. B. Lamont, N. J. Enright,
B. P. Miller, and M. E. Hanley. 2009. “Contrasting Impacts
of Pollen and Seed Dispersal on Spatial Genetic Structure in
the Bird-Pollinated Banksia hookeriana.” Heredity 102:
274–85.

Krauss, S. L., R. D. Phillips, J. D. Karron, S. D. Johnson, D. G. Roberts,
and S. D. Hopper. 2017. “Novel Consequences of Bird Pollination
for Plant Mating.” Trends in Plant Science 22: 395–410.

Lemke, T. O. 1984. “Foraging Ecology of the Long-Nosed Bat,
Glossophaga soricina, with Respect to Resource Availability.”
Ecology 65: 538–48.

Lemke, T. O. 1985. “Pollen Carrying by the Nectar-Feeding Bat
Glossophaga soricina in a Suburban Environment.” Biotropica
17: 107–11.

Levin, D. A. 1979. “Pollinator Foraging Behavior: Genetic
Implications for Plants.” In Topics in Plant Population Biology
131–53. New York, NY/Chichester, UK: Columbia University
Press.

Levin, D. A. 1981. “Dispersal Versus Gene Flow in Plants.” Annals
of the Missouri Botanical Garden 68: 233.

Linhart, Y. B. 1973. “Ecological and Behavioral Determinants of
Pollen Dispersal in Hummingbird-Pollinated Heliconia.” The
American Naturalist 107: 511–23.

Linhart, Y. B., W. H. Busby, J. H. Beach, and P. Feinsinger. 1987.
“Forager Behavior, Pollen Dispersal, and Inbreeding in Two
Species of Hummingbird-Pollinated Plants.” Evolution 41:
679–82.

Linhart, Y. B., and M. C. Grant. 1996. “Evolutionary Significance of
Local Genetic Differentiation in Plants.” Annual Review of
Ecology and Systematics 2: 237–77.

Loiselle, B. A., and J. G. Blake. 1993. “Spatial Distribution of
Understory Fruit-Eating Birds and Fruiting Plants in a
Neotropical Lowland Wet Forest.” In Frugivory and Seed
Dispersal: Ecological and Evolutionary Aspects, edited by
T. H. Fleming and A. Estrada, 177–89. The Netherlands,
Dordrecht: Springer.

10 of 12 GAMBA AND MUCHHALA

 19399170, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecy.3845 by U

niversity O
f M

issouri, St. L
o, W

iley O
nline L

ibrary on [20/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5061/dryad.rr4xgxdbf


Loiselle, B. A., and J. G. Blake. 1999. “Dispersal of Melastome Seeds
by Fruit-Eating Birds of Tropical Forest Understory.” Ecology
80: 330–6.

Loiselle, B. A., V. L. Sork, J. Nason, and C. Graham. 1995. “Spatial
Genetic Structure of a Tropical Understory Shrub, Psychotria
officinalis (Rubiaceae).” American Journal of Botany 82:
1420–5.

L�opez-Uribe, M. M., C. A. Oi, and M. A. Del Lama. 2008.
“Nectar-Foraging Behavior of Euglossine Bees (Hymenoptera:
Apidae) in Urban Areas.” Apidologie 39: 410–8.

Loveless, M. D., and J. L. Hamrick. 1984. “Ecological Determinants
of Genetic Structure in Plant Populations.” Annual Review of
Ecology and Systematics 1: 65–95.

Machado, I. C. S., I. Sazima, and M. Sazima. 1998. “Bat Pollination of
the Terrestrial Herb Irlbachia alata (Gentianaceae) in
Northeastern Brazil.” Plant Systematics and Evolution 209: 231–7.

Meirmans, P. G., and P. H. Van Tienderen. 2004. “Genotype and
Genodive: Two Programs for the Analysis of Genetic Diversity
of Asexual Organisms.” Molecular Ecology Notes 4: 792–4.

Melampy, M. N. 1987. “Flowering Phenology, Pollen Flow and
Fruit Production in the Andean Shrub befaria resinosa.”
Oecologia 73: 293–300.

Mordecai, R. S., R. J. Cooper, and R. Justicia. 2009. “A Threshold
Response to Habitat Disturbance by Forest Birds in the Choco
Andean Corridor, Northwest Ecuador.” Biodiversity and
Conservation 18: 2421–31.

Muchhala, N., and P. Jarrin-V. 2002. “Flower Visitation by Bats in
Cloud Forests of Western Ecuador.” Biotropica 34: 387–95.

Muchhala, N., and J. D. Thomson. 2010. “Fur Versus Feathers:
Pollen Delivery by Bats and Hummingbirds and
Consequences for Pollen Production.” The American
Naturalist 175: 717–26.

Murawski, D. A., and L. E. Gilbert. 1986. “Pollen Flow in Psiguria
warscewiczii: A Comparison of Heliconius Butterflies and
Hummingbirds.” Oecologia 68: 161–7.

Nei, M. 1973. “Analysis of Gene Diversity in Subdivided
Populations.” Proceedings of the National Academy of Sciences
70: 3321–3.

Nei, M., and R. K. Chesser. 1983. “Estimation of Fixation
Indices and Gene Diversities.” Annals of Human Genetics
47: 253–9.

Nunes, H., F. L. Rocha, and P. Cordeiro-Estrela. 2017. “Bats in
Urban Areas of Brazil: Roosts, Food Resources and Parasites
in Disturbed Environments.” Urban Ecosystem 20: 953–69.

Ohashi, K., and J. D. Thomson. 2009. “Trapline Foraging by
Pollinators: Its Ontogeny, Economics, and Possible Consequences
for Plants.” Annals of Botany 103: 1365–78.

Ramírez-Aguirre, E., S. Martén-Rodríguez, and J. F. Ornelas. 2016.
“Floral Variation, Nectar Production, and Reproductive
Success of Two Drymonia (Gesneriaceae) Species with Mixed
Pollination Syndromes.” International Journal of Plant
Sciences 177: 469–80.

R Core Team. 2018. R: A Language and Environment for Statistical
Computing. Vienna, Austria: R Foundation for Statistical
Computing.

Renner, S. S. 1989. “A Survey of Reproductive Biology in
Neotropical Melastomataceae and Memecylaceae.” Annals of
the Missouri Botanical Garden 76: 496–518.

Rhodes, M. K., J. B. Fant, and K. A. Skogen. 2017. “Pollinator
Identity and Spatial Isolation Influence Multiple Paternity in
an Annual Plant.” Molecular Ecology 26: 4296–308.

Sahley, C. T. 2001. “Vertebrate Pollination, Fruit Production, and
Pollen Dispersal of Stenocereus thurberi (Cactaceae).” The
Southwestern Naturalist 46: 261–71.

Schmidt-Lebuhn, A. N., M. Müller, P. Pozo Inofuentes, F. Encinas Viso,
and M. Kessler. 2019. “Pollen Analogues Are Transported across
Greater Distances in Bee-Pollinated than in Hummingbird-Pollinated
Species of Justicia (Acanthaceae).” Biotropica 51: 99–103.

Schmitt, J. 1980. “Pollinator Foraging Behavior and Gene Dispersal
in Senecio (Compositae).” Evolution 34: 934–43.

Serrano-Serrano, M. L., J. Rolland, J. L. Clark, N. Salamin, and
M. Perret. 2017. “Hummingbird Pollination and the
Diversification of Angiosperms: An Old and Successful
Association in Gesneriaceae.” Proceedings of the Royal Society
B: Biological Sciences 284: 20162816.

Smith, J. F. 2001. “High Species Diversity in Fleshy-Fruited
Tropical Understory Plants.” The American Naturalist 157:
646–53.

Solís-Hern�andez, W., and E. J. Fuchs. 2019. “Effective Gene Flow
Patterns across a Fragmented Landscape in Southern
Costa Rica for Symphonia globulifera (Clusiaceae); a Species
with Mobile Seed and Pollen Dispersers.” Revista de Biología
Tropical 67: 95–111.

Southerton, S. G., P. Birt, J. Porter, and H. A. Ford. 2004. “Review
of Gene Movement by Bats and Birds and its Potential
Significance for Eucalypt Plantation Forestry.” Australian
Forestry 67: 44–53.

Tello-Ramos, M. C., T. A. Hurly, and S. D. Healy. 2015. “Traplining
in Hummingbirds: Flying Short-Distance Sequences among
Several Locations.” Behavioral Ecology 26: 812–9.

Theim, T. J., R. Y. Shirk, and T. J. Givnish. 2014. “Spatial Genetic
Structure in Four Understory Psychotria Species (Rubiaceae)
and Implications for Tropical Forest Diversity.” American
Journal of Botany 101: 1189–99.

Vekemans, X., and O. J. Hardy. 2004. “New Insights from
Fine-Scale Spatial Genetic Structure Analyses in Plant
Populations.” Molecular Ecology 13: 921–35.

Wanderley, A. M., E. K. R. dos Santos, L. Galetto,
A. M. Benko-Iseppon, and I. C. S. Machado. 2020. “Pollen
Flow within and among Isolated Populations of Two Rare,
Self-Compatible Plant Species from Inselbergs of Northeast
Brazil.” Plant Ecology 221: 229–40.

Wang, S., E. Meyer, J. K. McKay, and M. V. Matz. 2012. “2b-RAD:
A Simple and Flexible Method for Genome-Wide
Genotyping.” Nature Methods 9: 808–10.

Webb, C. J. 1984. “Hummingbird Pollination of Malvaviscus arboreus
in Costa Rica.” New Zealand Journal of Botany 22: 575–81.

Webb, C. J., and K. S. Bawa. 1983. “Pollen Dispersal by
Hummingbirds and Butterflies: A Comparative Study of Two
Lowland Tropical Plants.” Evolution 37: 1258–70.

Weinstein, B. G., and C. H. Graham. 2017. “Persistent Bill and Corolla
Matching despite Shifting Temporal Resources in Tropical
Hummingbird-Plant Interactions.” Ecology Letters 20: 326–35.

Wessinger, C. A. 2021. “From Pollen Dispersal to Plant
Diversification: Genetic Consequences of Pollination Mode.”
New Phytologist 229: 3125–32.

ECOLOGY 11 of 12

 19399170, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecy.3845 by U

niversity O
f M

issouri, St. L
o, W

iley O
nline L

ibrary on [20/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Wiehler, H. 1983. “A Synopsis of the Neotropical Gesneriaceae.”
Selbyana 6: 1–219.

Wolowski, M., C. F. Saad, T.-L. Ashman, and L. Freitas. 2013.
“Predominance of Self-Compatibility in Hummingbird-
Pollinated Plants in the Neotropics.” Naturwissenschaften 100:
69–79.

Wright, S. 1946. “Isolation by Distance under Diverse Systems of
Mating.” Genetics 31: 39–59.

Zheng, X., D. Levine, J. Shen, S. Gogarten, C. Laurie, and B. Weir.
2012. “A High-Performance Computing Toolset for
Relatedness and Principal Component Analysis of SNP Data.”
Bioinformatics 28: 3326–8.

SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this article.

How to cite this article: Gamba, Diana, and
Nathan Muchhala. 2022. “Pollinator Type Strongly
Impacts Gene Flow Within and among Plant
Populations for Six Neotropical Species.” Ecology
e3845. https://doi.org/10.1002/ecy.3845

12 of 12 GAMBA AND MUCHHALA

 19399170, 0, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecy.3845 by U

niversity O
f M

issouri, St. L
o, W

iley O
nline L

ibrary on [20/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

View publication stats

https://doi.org/10.1002/ecy.3845
https://www.researchgate.net/publication/362681061

	Pollinator type strongly impacts gene flow within and among plant populations for six Neotropical species
	INTRODUCTION
	METHODS
	Study sites
	Study species and pollinators
	Molecular work and genotyping
	Inference of population genetic parameters
	Inference of fine-scale spatial genetic structure

	RESULTS
	Pollinators
	Filtered genetic datasets
	Population-level genetic structure
	Fine-scale spatial genetic structure

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


