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ABSTRACT 

Animal pollination is critical for maintaining the reproduction and genetic diversity of many plant species, especially those in tropical 
ecosystems. Despite the threat to pollination posed by tropical deforestation, it remains an understudied process. In particular, little is 
known about these dynamics in multi-paternal, successional plant species whose fruits can contain substantial genetic diversity. Given  the 
importance of successional plants in reforestation, quantifying the factors that impact their reproduction is essential for understand- ing 
plant gene flow in the context of global change. In this study, we investigated pollen-mediated gene flow at the multi-paternal fruit level to 
quantify how tropical pollinators navigate and mediate gene flow in altered forests. Utilizing microsatellite genotyping and pater- nity 
analyses, we revealed that distinct plant neighborhood and individual factors drive pollen dispersal at the intra-fruit scale. Variance   in 
pollen dispersal distances was greater for neighborhoods with higher conspecific density, indicating that density dependent reproduc- tive 
patterns play a role at this scale. Additionally, both the diversity and evenness of sires mediated by a single pollinator were affected  by the 
size of the mother tree, that is, larger  mothers received pollen from a less diverse, less even pool of sires per fruit. Pollinator   body size 
was not found to be a significant driver of pollen dispersal, indicating that both small- and large-bodied pollinators were  equally important 
pollen dispersers at this scale. By exploring patterns of variation at the intra-fruit level, we show that conspecific den- sity and tree size 
significantly impact multi-paternal pollen-mediated gene flow, reinforcing the importance of investigating intraspecific, intra-individual 
variance in plant reproduction. 

Abstract in Spanish is available with online material. 
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THE  TROPICS   ARE   HOME   TO  UNPARALLELED   LEVELS   OF BIODIVERSITY 

and complex networks of plant–animal interactions, much of 
which may be threatened by increasing levels of deforestation and 
land alteration. Given that in most studied tropical forest com- 
munities, more than 90 percent of tropical plant species are ani- 
mal-pollinated (Ollerton et al. 2011), the disruption of pollen 
dispersal services represents one of the greatest threats to tropical 
biodiversity posed by anthropogenic land conversion (Aizen & 
Feinsinger 1994, Hadley & Betts 2012, Hansen et al. 2013)  .  Many 
animal-pollinated plants are self-incompatible and obligately 
dependent on their pollen dispersers (Aguilar et al. 2006); there- 
fore, pollen-mediated gene flow and the subsequent diversity of 
sired offspring are critically impacted by a pollinator’s ability to 
effectively disperse pollen between individual plants. As deforesta- 
tion alters the spatial aggregation and size of plants,  these  changes 
to the arrangement of individuals within plant neighbor- hoods can 
influence mutualistic interactions (Kunin 1997, Jones &  Comita  
2008);  thus,  it  is  possible  that  neighborhood  and 
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individual traits could influence not only seed production but also 
pollen-mediated gene flow. At the neighborhood level, positive 
density dependence is a ubiquitous phenomenon in plant repro- 
duction and is thought to be a strong driver of pollen dispersal and 
siring patterns (Ghazoul 2005, Dick et al. 2008). At the indi- vidual 
level, traits, such as plant and pollinator size, may also act to 
influence seed set and pollen dispersal (Lowe et al. 2015, Cas- tilla 
et al. 2017). Despite the potential importance of such neigh- 
borhood- and individual-level traits in mediating plant reproduction 
across human-altered regions, much remains unknown about the 
drivers of pollen-mediated gene flow. 

Understanding pollen dispersal and siring patterns is particu- 
larly critical for tropical pioneer plants, as these species are often 
dominant in secondary forests, which are becoming increasingly 
common across the tropics. Such species often have very differ- 
ent life strategies compared to primary forest species (Snow  1965), 
the latter of which have been the primary focus of many past plant 
gene flow studies (reviewed in Dick et al. 2008). Specif- ically, many 
pioneer species have multi-seeded fruits that could potentially be 
fertilized by several sires; thus, the post-fertilization dispersal unit 
could transfer very different genetic information 
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than that of a single-seeded fruit. Therefore, pioneer species may 
display unique, but overlooked patterns of pollen movement and 
siring across altered forests (Rhodes et al. 2017). The role of pol- 
linators may also be different for multi-seeded pioneer plant spe- 
cies, as the spatial scales at which pollinator foraging affects pollen-
mediated gene flow include not only the population and individual 
tree levels (Vranckx et al. 2011), but also the individual fruit, 
potentially yielding different gene flow patterns depending on the 
ecological scale at which they are measured (Breed et al. 2015). 
Despite the high occurrence of multi-paternity in pioneer plant 
species, and the growing importance of understanding the 
regeneration of tropical forests in global conservation efforts, few 
studies have examined the variation in siring patterns or pollen 
dispersal distances within multi-paternal fruits in these forests 
(Davies et al. 2015, Ramos et al.  2016)  and fewer have explored its 
relationship to attributes of (1) the pollinator, (2) the plant,  and (3) 
the plant neighborhood (Breed et al. 2015, Castilla et al. 2017, 
Rhodes et al. 2017). 

To begin, while we know that pollinator traits can influence 
seed production in multi-paternal plants (Castilla et al.  2015,  2017, 
Cranmer et al. 2012), our understanding of how pollinator attributes 
influence pollen-mediated gene flow in multi-paternal species is 
limited (Breed et al. 2015, Hasegawa et al. 2015). Past work has 
suggested that pollinator traits such as body size and foraging 
behavior can be important drivers of plant reproductive output 
(Sahli & Conner 2007, Mitchell et al. 2013). Assertions about 
optimal foraging and pollinator efficacy based on body size have 
led to the general assumption that larger-bodied pollinators should 
perform better at various efficacy metrics such as dispers- ing 
pollen further distances and depositing more pollen (Lindauer 
1957, Stout 2000, Greenleaf et al. 2007). While some studies sup- 
port this theory (Hasegawa et al. 2015), many have historically 
compared pollinators that are functionally and morphologically 
very different (Breed et al. 2015, Rhodes et al. 2017); or when 
comparing more functionally similar pollinators, studies have found 
a more complicated relationship between size, behavior, and 
effectiveness (Stout 2000). In tropical forests, Castilla et al. (2017) 
found that although larger-bodied pollinators set more seeds per 
visit, smaller-bodied pollinators visited plants more fre- quently and 
dispersed pollen similar distances when compared to large-bodied 
pollinators. Across studies, what remains  unknown is how 
morphologically and functionally similar tropical pollina- tors 
contribute to siring and pollen dispersal within multi-paternal 
fruits, particularly in ecosystems where individual plant traits and 
neighborhood composition may be variable. 

At the scale of the individual plant, floral display size could be 
a critical trait in determining pollen dispersal distance and sir- ing 
diversity. For example, past work shows that pollinators may visit 
larger trees for longer foraging durations within a tree, possi- bly 
increasing the transfer of self-pollen or pollen from nearby, closely 
related individuals, and likely promoting greater levels of 
geitonogamy and inbreeding (Karron & Mitchell 2012, Mitchell   et 
al. 2013). Alternately, trees with larger floral displays could receive 
more occasional floral visitors than smaller trees and thus could 
support long-distance dispersal events and act to increase 

genetic admixture (Makino et al. 2007). For tree species that have 
developed complete self-incompatibility, these influences on 
within-tree foraging may have significant impacts on the genetic 
variability of new cohorts. In tropical forests, past research has 
indicated that larger trees may produce more fruits and seeds per 
tree but can have a lower proportion of viable seeds per fruit 
compared to smaller trees (Castilla et al. 2015). These patterns 
suggest that individual plant traits may contribute to variance in 
pollinator foraging behavior, differentially impacting seed compo- 
sition at the fruit, individual, or regional level. 

In addition to individual plant traits, plant neighborhood fea- 
tures may also influence pollen dispersal and siring in  plants. Plant 
conspecific density has been found to play a critical role in the 
probability of successful outcrossed mating events, and the survival 
of future, genetically diverse plant cohorts (Ghazoul 2005, Ismail et 
al. 2012, Comita et al. 2014). Spatially  isolated  trees may engage in 
fewer mating opportunities and are often assumed to be more 
genetically distinct; thus, the ability of pollen dispersers to facilitate 
long-distance dispersal events from less dense patches may be 
particularly important in the movement of novel genetic diversity 
to and from spatially isolated plant neigh- borhoods (Nei 1972, 
Hutchison and Templeton 1999, Vekemans & Hardy 2004). 
Mechanistically, spatial isolation of plants may reduce pollinator 
efficacy and plant fitness through increased transference of self-
pollen and biparental inbreeding, which can lead to increases in 
seed abortion rates or seed cohorts with reduced fitness (Hufford 
& Hamrick 2003, Breed et al.  2012, 2014, Rhodes et al. 2017). 
Interestingly, this may lead to neigh- borhoods of high local 
kinship, a critical trait where neighboring individuals exhibit high 
levels of relatedness (Loiselle et al. 1995). In combination with 
conspecific density, two tropical studies have found that high local 
kinship in dense neighborhoods can coun- teract the benefits of 
proximity to reproductive output, some- times increasing the 
transfer of pollen that is too genetically similar, consequently 
increasing the number of aborted seeds and/or fruits in those 
neighborhoods (Jones & Comita 2008, Castilla et al. 2015). Overall, 
the combination of these spatial and genetic patterns may be 
particularly relevant in fragmented tropi- cal forests where 
conspecific density and kinship can be highly variable (Jha & Dick 
2010) and natural population densities tend to be low (Duminil et 
al. 2016). 

Finally, while a number of fields now emphasize the impor- 
tance of analyzing ecological variance and measures of intra-indi- 
vidual and intraspecific  variation  in  ecological  systems  (Violle et 
al. 2012), many studies still focus on maximal, mean, or single- seed 
measures and sire diversity indices to describe pollen disper- sal 
processes (Lowe 2005, Lowe et al. 2015) . Such analyses may not be 
able to capture the true breadth of genetic information transferred 
to each new generation via pollen dispersal, particu- larly in the case 
of plants with reproductive strategies that involve multi-seeded, 
multi-paternal fruits (Ghazoul 2005, Lowe et al. 2015). Regarding 
pollinators, mean and maximal foraging mea- sures may not 
provide an accurate depiction of a pollinator’s typi- cal foraging 
behavior (Roubik 1989, van Nieuwstadt & Iraheta 1996), nor the 
variation that exists in an individual pollinator’s 
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response to landscape alteration (Wenner et al. 1991). Given these 
factors, it is likely that changes in pollen dispersal patterns due to 
land-use and global change described at the plant species or regional 
scale may exhibit a very different distribution from those described 
at the individual or intra-individual scale. Thus, to more completely 
capture patterns of genetic diversity and the reproduc- tive 
strategies of functionally different plant species, it will be nec- 
essary to explicitly analyze variance, diversity, and evenness, 
especially at finer ecological scales such as the intra-individual,  and 
even intra-reproductive unit level (Bolnick et al. 2011, Breed  et al. 
2012, Breed et al. 2014, Breed et al. 2015). 

In this study, we investigate the impacts of pollinator, plant, 
and plant neighborhood traits on pollen-mediated gene flow for the 
tropical pioneer tree, Miconia affinis. Specifically, we ask whether 
pollen dispersal distances and the transfer of genetic diversity per 
pollinator visit to a multi-seeded, multi-paternal fruit differ across 
different pollinator body sizes, plant sizes, conspeci- fic tree 
densities, and local kinship levels. To take advantage of  the multi-
paternal fruit structure of this species, we utilize a unique approach 
and measure several statistical moments and multiple diversity 
indices per pollen dispersal event. In particular, we examine three 
facets of pollen dispersal and three facets of  sire diversity per 
pollinator visit: (a) the mean pollen dispersal dis- tance, maximum 
pollen dispersal distance, and standard deviation of the pollen 
dispersal distance and (b) the raw sire counts, the Chao estimated 
sire diversity, and sire evenness. We hypothesize that (1) variation 
in pollen dispersal distances exhibited in a single visit is enhanced 
by plant conspecific density, local kinship, mother size, and 
pollinator body size. Particularly, we predict that variation in pollen 
dispersal distance will be greatest in more iso- lated trees that are 
visited by larger-bodied pollinators. We also hypothesize that (2) 
sire diversity exhibited in a single visit is dri- ven by plant local 
kinship and pollinator body size, but not by plant conspecific 
density or mother size. Specifically, we predict that sire diversity 
will be greatest in trees within lower kinship neighborhoods and for 
visits mediated by larger-bodied pollinators. 

 
METHODS 

 
STUDY SYSTEM AND SAMPLE COLLECTION.—For  much  of  the  past two 
centuries, the moist lowland forests of the Panama Canal watershed 
have been heavily impacted by anthropogenic develop- ment; in 
2001, it was estimated that only 54 percent of the origi- nal forest 
remained while more than 43 percent had been converted to 
pasture or shrubland (Condit et al. 2001). Our study system includes 
three study regions that exist across a ~3370-ha area  and  include  
1157  individuals  of  the  tropical  pioneer tree 
M. affinis (Melastomataceae; 3–6 m in height). This tree species has 
an extensive distribution ranging from Mexico to Brazil and 
inhabits a wide range of habitats, from primary and unaltered 
secondary-growth forest to highly fragmented forest and grass- 
land systems (further  system  description  can  be  found  in Table 
S1). M. affinis is an ideal study species due to its well-stu- died 
ecology (Luck & Daily 2003, Jha & Dick 2010, Castilla et al. 

2015), known colonization history in the area (Castilla  et al.  2016), 
and availability of genetic tools to examine pollen dispersal (Jha & 
Dick 2009). The species is dependent on buzz pollination 
conducted by a suite of native bee species, is hermaphroditic, and 
is self-incompatible (Jha & Dick 2010) (Fig. 1A). Mature trees of 
M. affinis display 1–3 flowering events during the Panamanian  dry 
season (January to June), blooming for ~2 d per floral event. The 
globose fruits of M. affinis develop to maturity between May and 
September and are mainly dispersed by native small-bodied fru- 
givorous birds (Luck & Daily 2003, Jha  &  Dick  2008,  2010) (Fig. 
1A). 

Single-visit pollination experiments were conducted in 2013 
(as described in Castilla et al. 2017): Five focal inflorescences on 
randomly selected mother trees (N = 75 mother trees; N = 375 
inflorescences) were bagged until the day of flowering and the bags 
were removed to allow a single pollinator to visit each inflo- 
rescence. Each pollinator was allowed to visit several flowers within 
one focal inflorescence; when the pollinator departed, it was 
collected and stored on 70 percent ethanol for subsequent 
identification and to measure its intertegular distance as a proxy for 
body size (ITD; sensu Cane 1987). After a single pollinator visit, 
each inflorescence was re-bagged until fertilized fruits matured, at 
which point all fertilized fruits were collected. Dissec- tions on the 
collected fruits and seed viability counts were per- formed to 
determine the seed set (the proportion of viable seeds out of the 
total number of seeds) produced by each observed single pollinator 
visit. Leaf tissue was collected from all adult 
M. affinis trees (N = 1157) within a 2 km radius of each study 
region’s geographic centroid for use in paternity analyses, as this 
distance has been shown to capture a large portion of the pollen 
dispersal kernel for the species (Jha & Dick 2010). 

Two individual traits and two plant neighborhood traits were 
measured per pollination event. Individual traits investigated 
included the diameter at breast height of the mother trees (dbhmother) 
as a proxy of floral display size (correlation validated  for this species 
in Castilla et al. 2017, sensu Kettle et al. 2011) and the size of each 
pollinator as measured by their intertegular dis- tance (ITDpollinator), 
which is often correlated with some indices     of dispersal ability 
(Greenleaf et al. 2007). The plant neighbor- hood traits included 
nearest neighbor distance (NNDmother; the average spatial distance 
to the ten nearest conspecific trees to the measured mother) as an 
index of conspecific density, and local kinship of the mother tree, 
defined as the mean Loiselle kinship coefficient (Fij; the pairwise 
comparisons between the mother tree and all its neighbors within a 
400 m radius sensu Castilla et al.  2017, Hardy et al. 2006). In previous 
analyses in our study system (Castilla et al. 2016), a 400 m radius 
was determined to be an important threshold within which mother 
trees displayed positive fine-scale spatial genetic structure, 
indicating higher kinship values within this area than expected (Fig. 
S3). Past work in this system (Castilla et al. 2015, 2016) and others 
(Jones & Comita 2008) indicates that these specific individual and 
neighborhood traits have the potential to influence pollen 
movement. While forest cover was evaluated in our study regions 
(Table S1), it correlated highly with NND; therefore, we opted to 
retain NND instead as 
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FIGURE 1. (A) A Melipona panamica bee visiting an M. affinis inflorescence (Photograph: Antonio R. Castilla), (B) an M. affinis infructescence, fertilized fruits turn 
dark purple when mature, (C) mature M. affinis fruits can contain ~30–50 seeds, the number of viable seeds per fruit is highly variable among and within mothers, 
(D) a map detailing the sires where pollen was collected (black) and the mother where the pollen was deposited (pink) during a single pollination event by a Meli- 
pona panamica individual in Gamboa, Panama. 

 

 

we know from past work in the region that NND can influence 
seed viability and pollen dispersal, even when forest cover is rela- 
tively homogeneous (Castilla et al. 2016). 

 
GENETIC ANALYSES.—In order to quantify variation in sire diver-  sity 
and pollen dispersal distances at the fruit level, we subsam- pled 
fruits from the single-visit experiments,  only  including  visits that 
resulted in >10 viable seeds per fruit, from which ten seeds were 
randomly selected for the genetic analysis. We also randomly 
subsampled the resulting fruits to only  include  one fruit per tree, 
to minimize resampling  of  individual  mother  trees. For our 
paternity analyses, we only utilized  fruits  for  which we were able 
to successfully  genotype  ten viable  seeds  (N = 34 single fruits; 
N = 340 seeds). We  set the threshold at   ten viable seeds, as 
previous work in this system  has indicated that M. affinis exhibits 
high sire diversities at the inflorescence level; therefore, we wanted 
to ensure that we had an even and sufficient sample size to estimate 
sire diversity at the fruit level (Castilla et al. 2015). Further, given 
that more than 60 percent 

of all fruits visited by a single pollinator had greater than ten viable 
seeds, setting this  minimum threshold  did  not  preclude us from 
describing a large portion of fruits in  our  study sys-  tem. These 
visits were conducted primarily by social bee species within the 
Meliponini tribe; however, the 14 species  varied  greatly in size, 
exhibiting ITD measures that ranged from 0.91– 
7.72 mm  (x = 2.19 mm,  SD = 1.09 mm).  We  did  not  explore 
pollinator species-level effects given our small per-species sam- ple 
size and the inability to detect species-level effects in larger data 
sets from the study region  (See  Fig.  S1,  Castilla  et al.  2017). DNA 
was extracted from individual seeds using the DNAzol Genomic 
DNA Isolation Reagent extraction protocol, and from leaves 
sampled from all 1157 adult trees using the CTAB protocol, and 
then PCR processed using Qiagen Multi- plex PCR Master Mix 
(Castilla  et al.  2015).  The  seeds  and leaves were genotyped at 12 
highly polymorphic microsatellite  loci (Le Roux & Wieczorek 
2008, Jha & Dick 2009) and later narrowed to eight polymorphic 
markers (Micaff-5, Micaff-7, Micaff-8,   Micaff-14,   Micaff-16,   
Micaff-19,   B102,   B109)   to 
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remove markers with inconsistent PCR recovery or possible 
presence of null alleles. 

Using the genotypes from all ten seeds per visit, we used HP- 
RARE (Kalinowski 2005) to measure the allelic richness and pri- 
vate allelic richness of each fruit (Table S2). We then conducted 
likelihood-based paternity assignments using CERVUS, where sire 
assignments were only made to seeds with a confidence criterion of 
>0.80 (Marshall et al. 1998). Paternities were also assigned at 90 
percent confidence, but because this reduced our sample size to less 
half of the original dataset, we focused our analyses on data from 
the >80 percent confidence assignments (282 seeds), as per other 
past plant dispersal studies (e.g., Hardesty et al. 2006, Bitten- court 
& Sebbenn 2007, Lander et al. 2010). Given that sampling efforts 
are finite and limited to a 2 km radius in this study, unas- signed 
parentage is likely the result of dispersal events outside of the 
sampled plant neighborhoods, as assumed in past studies (Bit- 
tencourt & Sebbenn 2007, Bacles & Ennos 2008, Dick et al. 2008). 
From these assignments, two groups of measures were generated: 
(a) three dispersal distance moments and (b) three sire diversity 
measures. For the dispersal distance moments, we calculated the 
linear distances between mother and the assigned pollen donor 
from the CERVUS analysis (Fig. 1D), and these were measured at 
three statistical moments: the mean, the standard deviation, and the 
maximum pollen dispersal distances per fruit. For the sire diversity 
measures, we measured three values: the raw sire counts per fruit 
from the CERVUS output (sensu Pelabon et al. 2015), the Chao 
diversity estimator (Chao 1984) for the CERVUS output (to 
account for small sample sizes), and sire evenness, defined as the 
proportional representation of individual sires within a seed set, to 
account for the likely uneven representation of sires in our progeny 
arrays (Mitchell et al. 2013). As a second index of sire counts and 
diversity, we also calculated the number of full versus half sibships 
per fruit using COLONY (Jones and Wang 2010) and similarly cal- 
culated half sibship Chao diversity; we found the two quantifica- 
tions of sire diversity to be very similar and therefore present the 
COLONY results in the Supplemental Information (Fig. S1) and 
focused on the CERVUS-based paternity analysis when discussing 
our results. Finally, for descriptive purposes, we also used GenA- 
lEx (Peakall & Smouse 2006) to generate a study region-level 
genetic summary including: N (the total number of seeds that were 
successfully assigned fathers per study region), Na (the average 
number of alleles per locus), He (the expected heterozygosity), and 
Ho (the observed heterozygosity) (Table S2). 

 
STATISTICAL ANALYSES.—We used linear mixed-effects models to 
analyze the influence of individual explanatory  variables  (dbh  and 
ITD) and plant neighborhood explanatory variables (NND and 
local Kinship) on the two groups of response variables: (a) dispersal 
distance moments (mean, maximum, standard devia- tion) and (b) 
sire diversity measures (raw count, Chao diversity, evenness). We 
also included study region and mother tree as ran- dom factors, 
with mother  tree nested within study region. All   our response 
variables and NNDs were log-transformed. We found  no  
interactions  between  variables  in  our  models  (Table S3). 

RESULTS 
 

Our CERVUS analysis successfully assigned fathers to 83 percent 
of the 340 sampled seeds with a confidence criterion of >0.80 (282 
seeds). The subsequent dispersal distances measured from these 
assignments    ranged    from    2.8 m    to    3600 m    (l = 905 m, 
SD = 953 m) with 66 percent of the pollen dispersal events com- 
ing from fathers that were 1 km or closer to the mother trees  (Fig. 
S2). Pollinator body size did not affect pollen dispersal dis- tances 
in our study system (Fig. 2, Table 1). We found a negative 
relationship between NND and the standard deviation in pollen 
dispersal distances per visit/fruit (Table 1, Fig. 3A), but no signifi- 
cant relationships between any of the explanatory variables and 
either the mean or maximum pollen dispersal distance (Table 1). In 
other words, the multiple pollen dispersal distances from a single 
visit were more similar to one another (lower in standard deviation) 
in spatially isolated trees than in spatially aggregated trees. The raw 
sire counts from the CERVUS paternity analysis yielded anywhere 
from 3 to 9 fathers per visit/fruit (l = 6.4, SD = 1.74), the Chao 
sire diversities estimated from the same output ranged from 4 to 10 
fathers per  visit/fruit (l = 7.3, SD = 1.77), and sire evenness 
ranged from 0.55  to 1.0 (l = 0.92, SD = 0.1). Both the raw sire 
counts and Chao sire diversities were significantly affected by the 
size of the mother tree (dbh), with raw sire counts and sire diversity 
significantly decreasing as the mother dbh  increased  (Table 1, Fig. 
3B). Sire evenness per dispersal event also showed a negative 
relationship with dbh (Table 1, Fig. 3C). 

 
DISCUSSION 

 
In this study, by investigating multiple measures of pollen disper- 
sal and siring in a multi-paternal species, we determined key dri- 
vers of pollen-mediated gene flow for a ubiquitous successional 
plant species across heterogeneous study regions. Specifically, we 
found that variation in pollen dispersal distances per visit was sig- 
nificantly greater for  trees that were more spatially aggregated.  We 
also show that measures of sire diversity and evenness are most 
influenced by the size of the mother tree, with sire diversity and 
evenness significantly decreasing as mother tree size  increases. 
None of our measures of multi-paternal reproductive dynamics 
were significantly affected by the body size of the polli- nator, 
indicating that in the pollinator community we measured, both 
large-bodied and small-bodied pollinators are contributing similarly 
to pollen-mediated gene flow across fragmented tropical 
landscapes. 

First, we found that for our study species, a tropical pioneer 
tree, there was tremendous variation in pollen dispersal and siring 
mediated by a single pollinator visit, irrespective of  pollinator size. 
In fact, many of the smaller-bodied pollinators travelled just as far, 
if not further, than some of the larger-bodied pollinators, 
depositing pollen from a wide variety of distances and from mul- 
tiple fathers in a single floral visit. For example, we found a sin- gle 
small-bodied Trigona muzoensis (ITD = 1.72 mm) deposited pollen 
collected from an estimated nine sires that were anywhere from 10 
m to 2700 m away from the mother. A much larger 
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FIGURE 2. Dispersal distances for all observed species of pollinators listed in increasing body size (ITD) order. From smallest to largest species (mm): Tetrago- nisca 
angustula (1.28), Halictidae sp. (1.69), Trigona muzoensis (1.72), Paratetrapedia lineata (1.86), Trigona fuscipennis (1.96), Trigona fulviventris (2.26), Pseudochloropsis schrottky (2.38), 
Trigona buyssoni (3.4), Melipona panamica (3.64), Centris dichootricha (5.28), Xylocopa fimbriata (7.72). 

 

 

bee, Xylocopa fimbriata (ITD = 7.72 mm), deposited pollen from  an 
estimated seven sires that were similarly about 12 to 2000 m away 
from the visited mother. In terms of traditional perspectives 
regarding pollinator body size and maximal foraging behaviors, 
these results contradict the assumption that large-bodied pollina- 
tors will always travel further distances than small-bodied pollina- 
tors and that, despite forest features, larger-bodied pollinators will 
consistently travel the longest distances (Greenleaf et al. 2007). 
These results support our previous findings that pollinator body 
size is not the primary driver of pollen dispersal distance in our 
study system (Castilla et al. 2017). Other studies have also begun  to 
present mixed findings with regard to pollinator body size, 
indicating that it may be too simplistic of a portrayal of a pollina- 
tor species’ biology to accurately describe their foraging response 
to landscape change. Stout (2000), for example, found that although 
larger bees visited more flowers, smaller bees were more effective 
at triggering floral mechanisms that release pollen in Scotch broom 
(Cystisus scoparius). Our results resonate with a number of studies 
that indicate that individual functional traits, such as pollinator body 
size (ITD), are not the best predictors of pollinator behavior and 
pollen movement in heterogeneous land- scapes (Roubik 1989, 
Stout 2000, Makino et al. 2007), and that future studies may benefit 
from including more detailed data on pollinator foraging behaviors. 

Instead, we found that the variance in distances from which 
pollen was dispersed per visit was significantly predicted by the 
degree of spatial isolation of the mother tree; specifically, our data 
reveal that variation in the sire distances per pollinator visit 

increased in neighborhoods with higher conspecific density (lower 
NND). In other words, more spatially aggregated mother trees 
received pollen from sires that were located at more variable dis- 
tances from the mother tree. This finding is in contrast to Dumi- 
nil et al. (2016), which found that pollen dispersal distances 
consistently increased with decreasing conspecific density, but cor- 
roborates patterns found by Ismail et al. (2012) which indicate  that 
while plants in more dense patches tend to receive pollen from 
donors within their own patch, they receive this pollen from a larger 
number of donors from a variety of distances within the patch. 
From the plant’s perspective, spatially aggregated mothers may 
benefit from this variance in pollen dispersal distance, as  they are 
likely receiving pollen from a higher variety of conspeci- fic 
neighborhoods. Past work has indicated that both the kinship and 
the density of different conspecific neighborhoods can  impact fruit 
production (Jones & Comita 2008); specifically, they found that 
high conspecific density can interact negatively with high local 
relatedness by counteracting positive density dependent forces in 
fruit set with higher biparental inbreeding and thus higher fruit 
abortion rates. Previous research in our study system has also found 
a negative interaction between local kinship and conspecific 
density, which also acted to reduce reproductive out- put and 
increase variance in mean seed viability with increasing conspecific 
density and local kinship (Castilla et al. 2015). While  we did not find 
a similar interaction between density and kinship in our analysis of 
multiple seeds per fruit, we did document high variance in pollen 
dispersal within a fruit, and we reveal that den- sity dependent 
patterns also exist for variance in pollen dispersal, 
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TABLE 1. Full outputs of the linear mixed-effects models run for the  two  response variable 
groups: (1) dispersal distance moments (standard deviation, mean, maximum) 
and (2) diversity metrics (the raw counts and Chao extrapolated sire diversity 
measures, sire evenness). 

 
 

Individual factors Neighborhood factors 

dbh ITD NND Mother Kinship 

Dispersal distance moments 
SD 

Est. 0.195 0.149 0.325 0.025 
t 1.529 1.167 2.573 0.200 
P 0.136 0.251 0.015* 0.842 

Mean 
Est. 0.070 0.070 0.192 0.009 
t 0.520 0.517 1.433 0.072 
P 0.606 0.608 0.161 0.943 

Max 
Est. 0.007 0.072 0.041 0.026 t
 0.057 0.632 0.329 0.232 P
  0.955 0.533  0.746  0.818 

Diversity metrics 
Raw 

Est. 0.131 0.019 0.041 0.052 t
 2.613 0.380 0.822 1.098 P
  0.013* 0.706  0.417  0.280 

Chao 
Est. 0.095 0.023 0.030 0.047 t
 2.192 0.524 0.704 1.139 P
  0.035* 0.592  0.486  0.263 

Evenness 
Est. 0.059 0.007 0.009 0.031 t
 2.951 0.354 0.446 1.633 P
  0.006*  0.726  0.659  0.112 

 
 

Independent variables tested include nearest neighbor distance (m) (NND), the 
local kinship of the mother tree, the size of the mother tree (cm) (dbh)  and the 
intertegular distance of the pollinator (mm)(ITD). Results are pre- sented as the 
estimated strength and direction of the relationship, and the t- and P-values. df 

= 34. 
*Significant relationships in are bold. 

 

with potential impacts on post-fertilization gene flow in other 
multi-paternal systems. 

This density dependent relationship with pollen dispersal 
variation may also be due to the way pollinators forage in resource-
dense versus resource-poor patches in the short 2-d, mass-
flowering period of our study species (Delmas et al. 2015). From 
the pollinator’s perspective, spatially aggregated patches may act as 
epicenters of foraging activity, attracting pollinators, from both 
near and far, specifically those who have  noted them as reward 
centers in their spatial memory (as seen in flight cages, Burns & 
Thomson 2005). Also, breakdowns in predicted nearest neighbor 
foraging patterns have been observed to depend not only on 
conspecific densities in remnant patches, but the spatial 

aggregation of pollen sources within these patches (Dick et al. 
2008). Interestingly, our pollen dispersal data, which documented a 
few long-distance and several short-range foraging events for 
almost all of the observed pollinators, provide rare individual- level 
tracking and support for previous hypotheses that the majority 
(>75%) of bee foraging activity occurs within the lower 40 percent 
of a species’ maximum foraging range (Roubik 1989). Several of 
these previous theories had either been based on con- trolled, 
experimental conditions (van Nieuwstadt & Iraheta 1996, 
Zurbuchen et al. 2010), or field-based observations that were 
designed to measure only maximum foraging distances (Roubik   & 
Aluja 1983, Knight et al. 2005), but no studies were aimed at 
capturing the breadth of distances pollinators travel during nor- mal 
foraging bouts for multiple species, particularly in heteroge- neous 
forests. Although we were unable to separate the potential 
contribution of secondary pollen transfer to the long-distance dis- 
persal events we measured, its impacts may be limited due to the 
short time window (~2-d flowering events) pollinators have to 
forage at M. affinis. Overall, our measures of variance in dispersal 
distances bolster previous findings of density dependence, detect 
patterns that were not apparent via mean and maximum mea- sures, 
and help provide a more complete depiction of how polli- nators 
are navigating these heterogeneous landscapes. 

Third, we found that the diversity and evenness of sires per 
pollinator visit were significantly influenced by the size of the 
mother tree (dbh): Both sire diversity and sire evenness decreased 
as the size of the mother tree increased. Given that the number  of 
inflorescences per tree strongly correlates with the size of the tree 
in this system (Castilla et al. 2017), dbh of M. affinis mothers serves 
as a proxy for floral display size. Taken together, these results 
indicate that larger M. affinis individuals receive less diverse pollen 
from a less even group of sires compared to smaller trees. 
Pollinators have been found to respond to tree floral display size 
independent of local conspecific density (Makino et al. 2006); 
therefore, potential explanations for this pattern could be that flo- 
ral display size independently alters pollinator foraging patterns at 
the individual tree and fruit level. Specifically, larger floral displays 
may promote longer foraging bouts at a single tree, increasing the 
transfer of self or non-legitimate pollen, thereby decreasing  female 
reproductive success (Ghazoul 2005, Jones & Comita 2008, Brys & 
Jacquemyn 2010). Previous findings in other sys- tems have also 
indicated that increased floral display sizes may lead to increases in 
near-neighbor matings and reductions in the number of sires due 
to changes in pollinator foraging patterns, regardless of pollinator 
species or size (Stout 2000). More specifi- cally, Mitchell et al. (2004) 
and Karron et al. (2003) found that several species of bees that 
pollinate Mimulus ringens strongly responded to increased floral 
display size: Trees with larger floral display sizes attracted more 
floral visitors, but these visitors  stayed at individual trees for longer 
and visited more flowers per plant as floral display size increased, 
effectively reducing siring success and increasing self-fertilization. 
Our results could simi- larly indicate that M. affinis pollinators are 
spending more time foraging at trees with larger floral displays, 
visiting fewer potential pollen donors, resulting in reduced sire 
diversity and evenness 
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FIGURE 3. (A) The negative relationship between the standard deviation in dispersal distances per pollination event and nearest neighbor distance (m), (B) the 
negative relationship between Chao sire diversity and mother tree diameter at breast height (DBH) (cm), (C) the negative relationship between sire evenness and the 
size of the mother tree diameter at breast height (cm) 

 

 
 

within fruits at such trees. Therefore, similar to our conspecific 
density and dispersal distance findings, if larger trees act as resource 
epicenters for pollinator foraging, we may be detecting a trade-off 
between attracting sufficient pollinators to an area to promote gene 
flow and receiving sufficiently diverse pollen per pollinator visit 
(Mitchell et al. 2013). Additionally, our findings support previous 
suggestions by Stout (2000) that while floral display size may alter 
pollinator visitation and pollen dispersal rates, it does so 
independently of pollinator body size, indicating that bees of all 
sizes respond similarly to floral display size. Over- all, these results 
highlight the importance of diverse tree sizes to promote variation 
in pollen dispersal and reproductive processes and to prevent 
erosion of genetic diversity in fragmented tropical plant 
communities (Ellstrand 2014). 

As secondary and fragmented forest structures are becoming 
increasingly common across tropical regions, it is critical that we 
improve our understanding of how forest structure impacts spe- 
cies interactions and the reproductive dynamics of successional 
plant  communities  (Gir~ao  et al.  2007,  Magrach  et al.  2014,  Lowe 
et al. 2015). In this study, we found that two key factors, NND and 
mother tree size, significantly influenced pollen dispersal and 

sire diversity at the within-fruit level and thus should be taken  into 
consideration when assessing pollinator-mediated gene flow. This 
finding is novel as it highlights the relevance of both plant 
neighborhood (conspecific density) and individual traits (tree size) 
as drivers of within-individual variance in pollen dispersal and sire 
diversity across heterogeneous forests. We specifically note that 
maintaining an array of conspecific tree sizes, not just large trees, 
in a forest can support high levels of sire genetic diversity and 
evenness. We also found that pollinators of all body sizes pro- 
moted high multi-paternity levels and long-distance gene flow, 
indicating that pollinator conservation decisions should not neces- 
sarily rank species prioritization based on size alone. Importantly, 
given that we found different drivers of pollen distance and sire 
diversity when examining multiple seeds in multi-paternal fruit, it is 
important that we begin to explore a broader array of plant 
reproductive systems and life history strategies in our investiga- 
tion of landscape genetics processes for conservation. (Kremen 
2005). Finally, our results also illuminate the need to evaluate dis- 
persal and genetic indices beyond mean values and highlight the 
importance of future work to develop additional methods that 
capture variation in ecological function. 
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