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A

Plants and their specialized flower visitors have provided valuable insights into the evolutionary consequences

of species interactions. However, only a small fraction of the existing diversity has been studied in depth, and the

discovery of novel systems brings the potential of new ideas and means of testing hypothesis. In this dissertation

I study a known but overlooked tropical community: palm trees and their specialized insect flower visitors. In

Chapter 1, I test whole genome amplification as an alternative for high-throughput DNA sequencing of small

organisms such as insects. I evaluate potential biases and find that it yields adequate data for population genetic

analyses. Chapter 2 introduces the study system: the licuri palm Syagrus coronata and its flower visitors. I

review the literature and make new observations showing that this plant is pollinated both by generalist bees and

by specialized beetles that breed on seeds and fruits. This diverse community also includes many non-pollinators,

ranging from antagonists damaging flowers to commensals feeding on decaying plant tissues. In Chapter 3, I

study the phylogeography of the licuri, and find that populations are isolated by distance but not by differences

in environment. There is widespread hybridization with closely related palm species and in a lesser degree

with more distant relatives. In the latter case, co-occurence is more important than sharing specialized beetle

pollinators. Finally, in Chapter 4 I use a comparative approach to test the role of insect-host interactions in the

presumed early stages of diversification of beetles associated with Syagrus coronata and Syagrus botryophora. I

find a surprising number of cryptic species, which coexist across a broad geographical range for pollinators but

not for non-pollinators. Insects previously thought to be associated with both plants turn out to be different

species or highly diverged populations. In contrast, the degree to which insect populations are structured by

divergence of host populations varies. This variation is uncorrelated to the mode of interaction, showing that,

at least in this system, plant spatial deployment is of greater potential relevance to any insect than the mode of

its interaction with the host.
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Introduction

In Brazil, we have the firm belief that something special about the tropics has shaped our cultural
identity. One of our most important cultural movements in the 20th century was the Tropicália,
including artists well-known in the United States such as Caetano Veloso and Gilberto Gil. References
to the tropics abound in books about our history and ideals for the future, some very recent examples
being Eduardo Gianetti’s “Trópicos utópicos” (Giannetti 2016) and Fernando Gabeira’s “Democracia
Tropical” (Gabeira 2017). Many see in Brazil the potential for economic development based on the
tropical diversity, not on its replacement by a handful of crops (Nobre et al. 2016; Wilson 1999).
After a few New England winters, I tend to agree that there is something special about the tropics.

As an evolutionary biologist, there are a few additional reasons to be interested in the tropical
region. I join a long list of researchers who have been fascinated with tropical biodiversity for over
two centuries. In the case of Brazil, biodiversity research had a slightly late start. When Alexander von
Humboldt travelled through South America in the early 1800s, he was prevented from navigating
the Rio Negro into Brazil by an arrest reward issued by the Portuguese crown (Kohlhepp 2005). In
contrast to other New World colonies, Brazil was essentially sealed from the rest of the world, with
visits by foreigners being prohibited during most of the colonial history (Caldeira 2017; Hallewell
1982). There was also no autochthonous natural history research, since by then towns were small, and
universities and the printing press were banned (Caldeira 2017; Hallewell 1982). Just a few years later,
in 1808, the Napoleonic wars led the capital of the Portuguese empire to be temporarily relocated to
Rio de Janeiro, and Brazil became much more open (Caldeira 2017). A series of foreign scientific
expeditions into the Brazilian territory were organized in the following years, one of them led by the
Bavarian naturalists Karl Friedrich von Martius and Johan Baptist von Spix (von Spix and von Martius
1824a,b). Many species of plants and vertebrates from Brazil were formally described as a result
of this three-year-long expedition. Among other publications, Martius dedicated three beautifully
illustrated volumes to one of the most iconic groups of tropical plants: the palms (von Martius 1823,
1826, 1850). One of the species described was a curious plant, similar enough to the coconut to be
placed in the same genus (von Martius 1826). It was observed in the inland “deserts” of Bahia and
Pernambuco, as well as along the coast (von Martius 1826). This species had many documented uses,
being a staple food during severe droughts, and also multiple variations of indigenous names that
sounded something like “Aricurí”, “Aliculí”, or perhaps “Uruculí” (von Martius 1826; von Spix and
von Martius 1938). Martius named it Cocos coronata after the evident crown formed by its persistent
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leaf bases.
Today we know that the tropics are not only diverse in number of species, but also in species

interactions. Some insects have strong interactions with palms, and, as a result of the many new
expeditions in Brazil, samples of these species arrived in museums in Europe, and decades later to the
United States and nascent institutions in Brazil. Perhaps because many of the taxonomists working on
these insects have never had the chance to see those organisms alive, or because of the daunting size of
the task of describing so many unknown species, their work had a different focus. The period between
the end of 19th and early 20th centuries is marked by a high rate of species description, including
insects (Costello, Wilson, and Houlding 2012). In the case of insects associated with palms, articles
and books usually consisted of detailed descriptions of morphology, but often with unspecific location
data, very rarely including illustrations and even more rarely information on the natural history of
the species (some examples are Schoenherr (1833), Casey (1922) and Hustache (1940)). The first
significant change of course happened more than one hundred years after the expedition ofMartius and
Spix. In the late 1930s, Brazil already counted with a small but growing community of entomologists
of its own (Rangel 2006), which included the Russian-Brazilian agronomist Gregorio Bondar. Bondar
worked for most of his career in the state of Bahia, where he described new species of plants and
insects, and often included detailed descriptions of the interactions between them (Garcez 1981).
One of his target plants was the licuri palm described by von Martius, still known as Cocos coronata
during that time but now recognized as Syagrus coronata. Bondar noticed that flowers of this plant
were visited by several species of insects, most of them weevils (beetles in the family Curculionidae),
and provided detailed descriptions of their life cycles (Bondar 1938, 1943b). Until today, most of
what is known about these species comes from his series of articles written about 70 years ago.

Because of the diversity of insects with which they associate, palms in the genus Syagrus represent
a promising system for the study of interactions. They can be found in most ecosystems in Brazil, in
many backyards throughout the country and in the central squares of any town (all of these included
in my collection localities). This tropical group of plants interacts with many insects, and these
interactions range from parasitic to mutualistic. This thesis is an effort to use the tropical diversity as
a natural experiment to understand evolution. By taking advantage of the variation of the natural
history of the weevils associated with Syagrus, we can compare the evolutionary trajectories of species
that are closely related and breed on the same plants across the same space, but differ in the mode of
interaction with their hosts.

Chapter 1 is a reprint of an article recently published in PeerJ (de Medeiros and Farrell 2018).
Weevils associated with Syagrus are small animals that yield relatively small amounts of DNA. In
the following chapters I use DNA sequence data to understand the evolution of these weevils, in
most cases based on the technique known as double-digest RAD sequencing (ddRAD) (Peterson
et al. 2012) to obtain genome-wide data. DNA extraction of weevils associated with Syagrus often
resulted in smaller DNA amounts than recommended for ddRAD, and I resorted to whole-genome
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amplification to obtain enough DNA for the ddRAD protocol. In this chapter I compare data
obtained with and without whole genome amplification, discussing its implications and measures
to minimize contaminations and biases. I conclude that while whole-genome amplification cannot
rescue every sample, it does produce adequate data for studies of population genetics. Appendix A
includes supplementary figures published with this article.

In Chapter 2 I introduce the study system: the licuri palm Syagrus coronata and insects visiting its
flowers. I review the literature and generate new data on pollination, behavior, larval breeding sites
and geographical range of these insects. I find that the licuri is pollinated both by generalist insects
(mostly meliponine bees) and specialized beetles that breed on floral tissues as larvae. Among these
beetles, there is very strong evidence that the weevil Anchylorhynchus trapezicollis is an important
pollinator that feeds on seeds as larvae. The seed beetle Pachymerus thoracicus, long considered only an
antagonist, is also a likely pollinator. Many other beetle species, including weevils and sap beetles, are
non-pollinators specialized on Syagrus coronata, some breeding on live flowers and others on decaying
tissues. This adds another case to the literature of specialized brood pollinators associated with a
generalist plant, showcasing the potential for palms and their associated insects to be used as model
systems in the study of coevolution and biological interactions. Supplementary figures and tables are
included in Appendix B.

In Chapter 3 I study the phylogeography of Syagrus coronata and related species. In spite of
the cultural and ecological importance of this palm, currently nothing is known about its recent
evolutionary history. More broadly, this is also the case for most of the biota of the Caatinga, the
largest area of seasonally dry tropical forest in South America, even though the number of studies is
growing. I find that isolation by distance explains most of the genetic diversity between populations
of Syagrus coronata. Although there is considerable variation in precipitation throughout its range,
there is no evidence of isolation by environment. While natural hybrids had been previously identified
based on morphology, for the first time I report introgression between species of Syagrus. In general,
migration rates from Syagrus coronata are higher than from other species. They are also higher between
the close relatives S. coronata, S. kellyana and S. cearensis. Among more distantly related species,
there is more migration with Syagrus vagans, broadly sympatric with S. coronata, than with Syagrus

botryophora, which shares species of pollinators but has different ecology and geographical distribution.
Supplementary figures and tables are included in Appendix C.

In Chapter 4, I study the consequences of insect-plant interactions for insect diversification. I
compare patterns of isolation by distance and isolation by environment across nine species of weevils
associated with flowers of Syagrus coronata and S. botryophora. Some of these weevils breed on decaying,
therefore undefended, plant parts, while others feed on live tissues. One of the species is a pollinator
seed predator. Coevolution, especially if mediated by plant defenses, has often been considered an
important mechanism for generating divergence between insect populations. A prediction of this idea
is that insects feeding on defended plant parts should exhibit higher host-related divergence if there
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is variation among hosts in selection for host-specific adaptations. I do not find such a pattern. In
almost every case, species previously thought to be associated with both hosts are actually cryptic,
highly-diverged species. Even though insect species differ in the extent of isolation by distance and
due to host, there is no consistent difference correlated with mode of interaction. Rather, patterns of
divergence are similar between insects associated with each host species, suggesting that the history of
host populations similarly affects all of its associated insects. The main difference between pollinators
and non-pollinators is coexistence: cryptic species of pollinators were largely sympatric, while non-
pollinators were always allopatric. These results indicate that symbiosis with plants, but not necessarily
antagonism, is the main driver of insect diversification. Further, divergence leading to speciation is a
result of host shifts instead of continuous local coevolution with host populations. Supplementary
figures and tables are included in Appendix D.

All of the unpublished chapters are written in the format of manuscript drafts to be submitted for
peer-reviewed publication. Chapter 2 was done in collaboration with fellow Farrell lab student Alyssa
Hernandez, who produced all SEMs, and Luis Alberto Nuñez, from Universidad de la Salle in Bogotá,
who helped in the study design and counted pollen of Syagrus extracted from insects. At the end, I
include a few concluding remarks discussing the dissertation as a whole and future directions opened
by the work presented here.
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Chapter 1

Whole-genome amplification in

double-digest RADseq results in adequate

libraries but fewer sequenced loci

Published article: Whole-genome amplification in double-digest RAD-

seq results in adequate libraries but fewer sequenced loci

The following pages contain a reproduction of the paper (de Medeiros and Farrell 2018). Supplemental
materials for this paper are included as Appendix A.



Whole-genome amplification in double-
digest RADseq results in adequate libraries
but fewer sequenced loci

Bruno A. S. de Medeiros and Brian D. Farrell

Department of Organismic and Evolutionary Biology and Museum of Comparative Zoology,

Harvard University, Cambridge, MA, USA

ABSTRACT
Whole-genome amplification by multiple displacement amplification (MDA) is a

promising technique to enable the use of samples with only limited amount of

DNA for the construction of RAD-seq libraries. Previous work has shown that,

when the amount of DNA used in the MDA reaction is large, double-digest

RAD-seq (ddRAD) libraries prepared with amplified genomic DNA result in data

that are indistinguishable from libraries prepared directly from genomic DNA.

Based on this observation, here we evaluate the quality of ddRAD libraries

prepared from MDA-amplified genomic DNAwhen the amount of input genomic

DNA and the coverage obtained for samples is variable. By simultaneously

preparing libraries for five species of weevils (Coleoptera, Curculionidae), we also

evaluate the likelihood that potential contaminants will be encountered in the

assembled dataset. Overall, our results indicate that MDA may not be able to

rescue all samples with small amounts of DNA, but it does produce ddRAD

libraries adequate for studies of phylogeography and population genetics even

when conditions are not optimal. We find that MDA makes it harder to predict the

number of loci that will be obtained for a given sequencing effort, with some

samples behaving like traditional libraries and others yielding fewer loci than

expected. This seems to be caused both by stochastic and deterministic effects

during amplification. Further, the reduction in loci is stronger in libraries with

lower amounts of template DNA for the MDA reaction. Even though a few samples

exhibit substantial levels of contamination in raw reads, the effect is very small in

the final dataset, suggesting that filters imposed during dataset assembly are

important in removing contamination. Importantly, samples with strong signs of

contamination and biases in heterozygosity were also those with fewer loci shared

in the final dataset, suggesting that stringent filtering of samples with significant

amounts of missing data is important when assembling data derived from

MDA-amplified genomic DNA. Overall, we find that the combination of MDA and

ddRAD results in high-quality datasets for population genetics as long as the

sequence data is properly filtered during assembly.
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INTRODUCTION
Double-digest RAD sequencing (ddRAD) (Peterson et al., 2012) and other methods of

genotyping-by-sequencing are inexpensive and flexible tools that allow researchers to

sequence a large number of loci from non-model organisms for phylogenetic and

population-level studies (Andrews et al., 2016). In spite of its many advantages, a potential

barrier to the use of ddRAD is the relatively large amount of starting DNA typically

required in library preparation. This may hinder its application for DNA obtained from

museum specimens, rare species (Blair, Campbell & Yoder, 2015), or small organisms

(Shortt et al., 2017; Boyle et al., 2018), which yield limited amounts of DNA. A possible

solution consists in preparing RAD libraries from pools of individuals, which together

yield sufficient DNA (Emerson et al., 2010; Toonen et al., 2013). Pooling offers the

additional benefit of reducing library preparation costs (Toonen et al., 2013;

Schlötterer et al., 2014). However, accurate genotyping of pools is challenging (Cutler &

Jensen, 2010; Gautier et al., 2013; Lynch et al., 2014) and might require impractically high

number of samples pooled at equimolar concentrations (Cutler & Jensen, 2010;

Lynch et al., 2014). An alternative to pooling is to prepare libraries with methods that

require smaller DNA input. One of these alternatives is HyRAD (Suchan et al., 2016;

Linck et al., 2017), the hybrid enrichment of genomic libraries for RAD-derived loci.

One caveat is that this protocol is still not highly optimized, requiring a very large read

depth in comparison to ddRAD and thus resulting in a much larger cost per sample in

addition to the higher cost for library preparation. Another option for samples with

smaller DNA amounts is to increase the DNA available per individual by using

whole-genome amplification prior to RAD library preparation. In the context of ddRAD,

Blair, Campbell & Yoder (2015) sequenced four samples of a single species at high coverage

and using a high amount of starting DNA, following the manufacturer’s protocol for

the reaction of whole-genome amplification. Even though their results were encouraging,

it remains to be shown whether whole-genome amplification is also robust in more

typical conditions in which it might be used: the study of many samples with uneven

coverage and small quantities of DNA available.

The method of whole-genome amplification used in this previous study, multiple

displacement amplification (MDA) (Dean et al., 2002;Hosono et al., 2003), is arguably one

of the best among those available in terms of detectable biases in the amplified product

(Sabina & Leamon, 2015). MDA consists of isothermal amplification of DNA using

random primers for an extended time. For the applications of whole-genome sequencing

and PCR, MDA has exhibited no genotyping bias and even coverage of different genomic

regions under most conditions, although some studies have reported a GC-dependent

coverage bias (Sabina & Leamon, 2015). When applied to ddRAD libraries, MDA

resulted in accurate genotype calls, with no detectable coverage bias (Blair, Campbell &

Yoder, 2015). These results were based on a few samples sequenced to high depth with a

fairly large amount of template DNA (>100 ng). Typical population-level studies in

which MDA could be most useful would include those in organisms with significantly

smaller DNA yields, and possibly pools of many samples with uneven coverage.
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For example, Boyle et al. (2018) have used MDA in ants to obtain enough DNA (150 ng)

to start ddRAD library preparation from an initial template with less than 15 ng of

DNA (J. Boyle, 2018, personal communication). With even smaller extraction yields,

Shortt et al. (2017) have used MDA to prepare libraries from miracidia larvae of the

flatworm Schisosoma japonicum, which typically yield one to two ng of genomic DNA.

An important concern about whole-genome amplification, not addressed in previous

studies focusing on its application to ddRAD, is non-templated amplification.

MDA reactions are known to amplify contaminants present in the MDA reagents

(Sabina & Leamon, 2015), and extraneous DNA present in the genomic DNA or the

reaction setup might also be amplified and detectable in the final product. Even though any

kind of ddRAD preparation starting from low amounts of DNA might be susceptible to

some level of contamination, MDA may, in principle, increase the amount of contaminants

in the sequenced library. While some level of non-templated amplification can be removed

by filtering out loci not shared across multiple samples during dataset assembly, the

effects of non-templated amplification on the final dataset have not been tested so far.

Insects are one group of small animals for which MDA might be useful. Some

small insects yield little DNA from extractions, and in these cases destructive extraction

from whole bodies is needed. In our experience working with small beetles, even

extractions from whole bodies result in yields from a few nanograms to a few micrograms

of DNA. Since the lower end of these yields is also in the lower end of the input DNA

required for the preparation of RAD libraries (Andrews et al., 2016), MDA may enable

the use of samples that yield little DNA. Here, we study the effects of MDA on ddRAD

libraries prepared for a number of species of small (ca. three to seven mm in length)

weevils (Insecta, Coleoptera, Curculionidae). Taking advantage of the natural variation

in DNA yield across samples, we evaluate the effect of varying amounts of input genomic

DNA into an MDA reaction. By comparing libraries generated with and without MDA

from the same genomic DNA, we also evaluate the level of non-templated amplification,

and the effect of MDA on heterozygosity, genotyping bias and on the loci obtained

for a given sequencing effort. We also test the use of a mix of amplified and non-amplified

samples in common population genetics analyses: population clustering and isolation

by distance.

MATERIALS AND METHODS
Sampling, library preparation, and sequencing
Here, we work with five taxa of weevils associated with the flowers of the palms Syagrus

coronata and S. botryophora: Anchylorhynchus trapezicollis, Andranthobius bondari, Celetes

impar, Microstrates bondari, and M. ypsilon. Our preliminary analyses using a larger

dataset showed evidence for cryptic speciation in Anchylorhynchus trapezicollis and

Andranthobius bondari. Here, we will refer to these taxa here using only the generic name,

but we still include all samples assigned to these species based on morphology alone.

Weevils were collected throughout the range of their host palms between 2013 and 2014

by bagging inflorescences in the staminate phase. Insects were killed and preserved in

96% ethanol and kept in a cooler and then a freezer prior to DNA extraction. All samples
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studied here were collected with SISBIO permit number 39704-7 from the Instituto Chico

Mendes de Preservação da Biodiversidade, Brazil, and deposited in the Museum of

Zoology of the University of São Paulo. Some individuals in each species had ddRAD

libraries prepared both with and without an MDA step (here referred as MDA and

gDNA libraries, respectively), and we also included in this study individuals with only one

library prepared, either with or without MDA, that were collected in the same localities

as the individuals with two libraries. This resulted in 69 samples with the two kinds of

library prepared, 76 samples with a gDNA library only and 22 samples with an MDA

library only. Sample data are listed in Table S1 and a graphical overview of the samples

included in this study is given in Fig. 1.

For gDNA libraries, we have followed the protocol outlined by Peterson et al. (2012),

but using MagNA beads (Rohland & Reich, 2012) instead of Ampure XP beads (Beckman

Coulter, Brea, CA, USA) for cleanup steps. DNA was extracted either automatically in an

AutoGenprep 965 (AutoGen, Holliston, MA, USA) or using the EZNA Insect DNA Kit

(Omega Biotek, Norcross, GA, USA). We extracted DNA from whole bodies separated

between the elytra and pronotum, to preserve the remaining sclerotized tissue (the head,

prothorax and appendages) as vouchers, and digests were done overnight prior to

extraction. DNAwas quantified using a Quant-iT dsDNA HS Assay Kit (Thermo Fisher,

Waltham, MA, USA) in a Spectramax i3 plate reader (Molecular Devices, San Jose,

CA, USA). A total of 150–300 ng of DNA was digested using the restriction enzymes

EcoRI-HF and BfaI (New England Biolabs, Ipswich, MA, USA), cleaned with magnetic

beads and quantified. A total of 50–100 ng of digested DNA was used in a ligation

reaction to add unique five-bp inline barcodes with a T4 DNA Ligase (New England

Biolabs, Ipswich, MA, USA). After adapter ligation, we prepared pools of 16–48

uniquely barcoded samples, which were then cleaned with magnetic beads and size-

selected in the range of 264–336 bp in a Pippin Prep (Sage Science, Beverly, MA, USA).

Each pool was PCR-amplified to increase DNA amount and to add an Illumina P5

barcode using a Phusion High-Fidelity PCR Kit (New England Biolabs, Ipswich,

MA, USA), with four to eight separate reactions ran in parallel for each pool, depending

on the volume obtained after size selection. We used the following program for PCR

reactions: initial denaturation at 98 �C for one min, 10–12 cycles of denaturation at

98 �C for 10 s, annealing at 65 �C for 30 s and extension at 72 �C for 30 s, followed by a

final extension at 72 �C for seven min. PCR cycles were limited to 12 to avoid

amplification biases (DaCosta & Sorenson, 2014). PCR products from a single pool

were pooled and cleaned together using MagNA beads. The size distribution of final

libraries was inspected in an Agilent Bioanalyzer 2100 or Agilent Tapestation 2200.

Libraries were quantified using a Qubit dsDNA HS Assay Kit (Thermo Fisher, Waltham,

MA, USA) in a Qubit 2.0 Fluorometer (Thermo Fisher, Waltham, MA, USA) and

pooled for sequencing considering their DNA concentrations and number of samples in

each pool, with the aim of achieving an equal number of reads for all samples. Libraries

were sequenced and Illumina barcodes demultiplexed by the Bauer Core Facility at

Harvard University. Pools were spread throughout multiple sequencing runs to be

multiplexed with unrelated more diverse libraries (usually RNA-seq) and avoid
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Figure 1 Overview of samples included in the study and the ipyrad pipeline for dataset assembly. For

each taxon, dashed rectangles represent populations and each circle represent one ddRAD library.

Libraries prepared from the same individual are linked by a line. Red circles represents MDA libraries

and blue represents gDNA libraries. An overview of the ipyrad assembly pipeline used to generate

independent datasets for each taxon is given in the lower half of the figure and arrows indicate steps from

which sequences were retrieved to study the effects of MDA. The same terminology is used throughout

the text to refer to sequences at these steps. Locality data for populations is available in Table S1.

Full-size DOI: 10.7717/peerj.5089/fig-1
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problems with base calling caused by the low diversity of restriction sites and inline

barcodes. The minimum read length of these runs was single-end 100 bp, and all

sequences with longer reads were trimmed to this length prior to assembly.

For MDA libraries, 1.5–2 mL (6–360 ng) of extracted DNA was amplified for 16 h at

30 �C followed by three min at 65 �C using a Repli-G Mini Kit (Qiagen, Germantown,

MD, USA) in 15–20 mL reactions (protocol in Article S1). We have performed reactions in

smaller volumes than the recommended manufacturer protocol (50 mL) because smaller

reaction volumes seem to reduce biases in MDA for smaller DNA quantities (Sabina &

Leamon, 2015), and also result in a reduced cost per sample. Following amplification,

DNAwas quantified with a Quant-It assay and directly used in restriction digests, with the

remaining library preparation following the gDNA protocol.

Bioinformatics
Sequences were demultiplexed by inline barcodes and assembled using ipyrad v. 0.6.8

(Eaton, 2014; Eaton & Overcast, 2017). An overview of the steps in the ipyrad pipeline

is given in Fig. 1. No mismatches were allowed in barcodes during demultiplexing, and

bases with a quality score lower than 20 or containing adapters were trimmed from

the 3′ end. After trimming, reads with less than 35 bp or with five or more low-quality

bases were removed. Reads were clustered both within and between samples at 85%

identity, and only loci with coverage �7 were retained for statistical base calling. In the

ipyrad pipeline, genotypes are statistically called independently for each sample for sites

above the minimum coverage. Throughout this paper, we use the phrase “assembled

loci” to refer to this set of loci assembled independently for each sample and filtered

for minimum coverage. For assembly of the final dataset, we set, for each species, the

minimum number of samples for a locus to four, and we will refer to these loci as “loci

in the final dataset.” Input files for ipyrad are provided in Data S1. MDA and gDNA libraries

from a single sample were treated as different samples during assembly. Final datasets were

generated independently for each species by using the “branch” option in ipyrad.

Effect of starting DNA amount on the number of reads obtained for
MDA libraries
To test whether MDA impacts the number of loci obtained, we counted, for all MDA

libraries (including those that yielded few loci or that do not have a corresponding

gDNA library), the number of reads obtained and number of loci assembled. We modeled

the effect of input genomic DNA used in the MDA reaction by using a linear mixed

model with number of loci as the response variable, mass of input genomic DNA and

number of reads as fixed effects, and sequencing pool and taxon as random effects

affecting the intercept. We started by fitting a full model including all fixed effects and

their interactions and simplified the model using the R function step to remove

non-significant fixed effects stepwise using F-tests with significance level 0.05. We adopted

this same procedure when fitting all mixed models throughout this study. Models were fit

using the R packages lme4 v. 1.1–12 (Bates et al., 2015) and lmerTest v. 2.0–33 (Kuznetsova,

Brockhoff & Christensen, 2017) in R v. 3.3.2 (R Core Team, 2016).
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Comparisons between MDA and gDNA libraries for loci assembled,
variation in coverage, GC content, and heterozygosity
To characterize other possible effects of MDA, we compared several statistics between

gDNA and MDA libraries. These comparisons were done only in a subset of the

samples passing a minimum filter of number of loci shared between samples, to ensure

that the calculated statistics were a reasonable representation of the whole set of genes

potentially sequenced with ddRAD. The number of reads per sample in a pool were

extremely variable. This variation is a direct result of the study design: the samples studied

here are a subset of samples sequenced primarily for a phylogeographic study, and some

of the re-sequenced samples had resulted in few reads during the first attempt. To

overcome this limitation, we only compare gDNA and MDA libraries that resulted in at

least 100 assembled loci and we use number of reads or number of loci as a covariate

in all analyses. Moreover, we filtered additional samples based on the results from the

analysis on non-templated amplification (see below). These showed that all samples

with evidence for contamination are among those with fewer loci shared with other

samples in the final dataset. To avoid any biases caused by contamination, and not

MDA per se, we excluded the nine MDA libraries with smallest number of loci in the

final dataset for the paired comparisons in this section. In total from the 67 pairs of

libraries prepared, 48 were retained after both filters. Table S1 and Table 1 include

information about which samples were included or excluded from each model.

Following sample filtering, we tested whether MDA libraries result in fewer loci than

their gDNA counterparts by fitting a linear mixed model with MDA and number of reads

as fixed effects, and sample within taxon as random effects (these same random effects

were used in all mixed models comparing gDNA and MDA libraries). In order to achieve

approximate normality of residuals, we logit-transformed the response variable, assuming

a maximum of 30,000 loci for a sample. We tested if MDA increases the variation in

coverage across loci by fitting a model with the standard deviation of coverage in

assembled loci as a response and number of reads and MDA as fixed effects.

We also tested the effect of MDA on heterozygosity and GC content by fitting a

linear mixed model with the same random effects as above, and MDA and number of

assembled loci as fixed effects. In the case of heterozygosity, we also fitted a model with

MDA and average coverage per assembled locus as fixed effects. Heterozygosity was

calculated as observed heterozygosity: the proportion of heterozygous sites for each

library in loci retained in the final dataset, after base calling. In all cases, if plots of

residuals vs. predicted values and quantile-quantile plots showed strong deviation from

normality, we log-transformed the response variable or some of the fixed effects. All linear

mixed models fitted and data transformations are listed in Table 1.

Biased recovery of loci under MDA
After finding that MDA results in fewer sequenced loci, we tested whether this is

due to consistent amplification of the same set of loci or due to stochastic effects.

If deterministic effects predominate, it is expected that the set of loci shared by two

samples should be more similar between MDA libraries or between gDNA libraries than
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Table 1 Results of mixed model fitting, with sample inclusion criteria.

Response Samples included Fixed effects Estimate (p-value)

Number of assembled loci All MDA libraries Intercept -6,624.93 (0.315)

Reads passing filter (log) 1,061.32 (0.036)

Input gDNA in MDA

reaction (ng)

-227.42 (<0.001)

Interaction 18.213 (<0.001)

Proportion of reads

matching to incorrect

taxa (logit)

57 samples with both kinds of library and

at least 100 loci in final dataset

Intercept -2.83 (0.034)

Reads passing filter (log) -0.25 (0.012)

MDA

Interaction

Proportion of assembled

loci matching to incorrect

taxa (logit)

57 samples with both kinds of library and

at least 100 loci in final dataset

Intercept -6.30 (<0.001)

Loci with coverage �7 (log)

MDA

Interaction

Proportion of loci in final

dataset matching to

incorrect taxa (logit)

57 samples with both kinds of library and

at least 100 loci in final dataset

Intercept -6.47 (>0.001)

Loci in final dataset (log) 0.003 (0.97)

MDA 3.98 (<0.001)

Interaction -0.45 (<0.001)

Number of assembled loci

(logit)

48 samples with both kinds of library and

largest number of loci in final dataset

Intercept -19.97 (<0.001)

Number of reads (log) 3.55 (<0.001)

MDA 4.73 (0.040)

Interaction -0.99 (0.016)

Standard deviation of read

depth across loci

48 samples with both kinds of library and

largest number of loci in final dataset

Intercept -2.73 (0.007)

Number of reads (log) 1.18 (<0.001)

MDA 0.89 (<0.001)

Interaction

Heterozygosity 48 samples with both kinds of library and

largest number of loci in final dataset

Intercept -7.66 � 10-4 (0.53)

Number of assembled

loci (log)

5.65 � 10-4 (<0.001)

MDA -7.17 � 10-3 (0.012)

Interaction 7.69 � 10-4 (0.016)

Heterozygosity 48 samples with both kinds of library and

largest number of loci in final dataset

Intercept 5.73 � 10-4 (0.53)

Average coverage across

assembled loci (log)

1.09 � 10-3 (<0.001)

MDA 7.99 � 10-3 (0.012)

Interaction -2.21 � 10-3 (0.016)

%GC 48 samples with both kinds of library and

largest number of loci in final dataset

Intercept 0.34 (<0.001)

Number of assembled

loci (log)

-1.25 � 10-3 (<0.001)

MDA

Interaction

Notes:
Data transformations, if any, are indicated in parenthesis. Estimates and p-values are shown only for effects retained in the final models. Models in which MDA had a
significant effect have their response highlighted in bold (including the first model, in which all included data came only fromMDA libraries). Code and complete model
summaries can be found in Article S2.
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when comparing between both kinds of libraries. Libraries produced from more closely

related individuals are also expected to result in a more similar set of loci due to higher

similarity in restriction sites, and libraries that were pooled together for size selection and

PCR are also expected to be more similar due to more consistent size selection. Therefore,

to assess whether the set of loci produced by MDA is biased, we have implemented a

model that jointly infers the effect of all of these variables in the pairwise dissimilarity

in the set of loci recovered for samples. For each taxon, we calculated the pairwise

dissimilarity in the final dataset as 1-p, where p in the proportion of final loci shared for

both libraries. All libraries were included in this analysis, without any filter, since even

libraries that do not share any locus provide relevant information. We modeled the

relationship between this dissimilarity matrix as a response and several predictors that

we believe could also be associated with the recovery of a more similar set of final loci

(MDA, population (i.e., locality), size selection pool and log-transformed number of loci

in the final dataset for each sample) using a multivariate distance matrix regression

(MDMR) (Anderson, 2001; Mcardle & Anderson, 2001) implemented in the R package

MDMR v. 0.5.0 (McArtor, Lubke & Bergeman, 2016; McArtor, 2017, 2018). This kind of

regression tests the relationship between several variables and a distance matrix, drawing

significance from randomization. Here significant relationships indicate that similar

values of a given predictor are associated with libraries having more similar sets of

loci in the final dataset.

Non-templated amplification
To assess the effect of non-templated amplification caused by MDA, we aligned reads

and loci obtained for each library to a reference dataset. Since no genomes are available

for the species studied here or for any close relatives, we produced references from the

final alignments generated by ipyrad. For each taxon, we combined in a fasta file all

sequences from gDNA libraries found in the final dataset. We included only loci from

the final alignment in the reference data because the filters used in ipyrad (particularly

the minimum of four samples in an alignment) should minimize the presence of

contaminants in the reference set, at the cost of making it less comprehensive.

These sequences were de-replicated using cd-hit (Li & Godzik, 2006; Fu et al., 2012)

at 95% similarity level and the resulting sequences for all species were combined in a single

fasta file. To assess contamination from human DNA, we also added to this file the

repeat-masked Human Genome Assembly GRCh38.p10, downloaded from NCBI, with

repeats (i.e., lower case letters) replaced by Ns prior to concatenation.

This reference fasta file was used to generate a bowtie2 (Langmead & Salzberg, 2012)

database. We then aligned, for all samples with both gDNA and MDA libraries, sequences

to this reference at three different steps during dataset assembly: adapter-trimmed

reads, all loci assembled for each sample with minimum coverage of seven, and all loci for

each sample that were retained in the final dataset (i.e., were shared by at least another

four samples). All alignments were made with the “very-sensitive” preset (which is

equivalent to using options -D 15 -R 2 -L 22 -i S,1,1.15). A custom bash script was used to
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parse the SAM files produced by bowtie2 and count the number of reads and loci

aligning to each reference species, as well the number of unaligned sequences. Since

the reference sequences are non-comprehensive and based on gDNA libraries

themselves, it is expected that MDA libraries will have a smaller proportion of correctly

aligned sequences and a larger proportion of unaligned sequences. Due to bowtie’s

heuristic algorithm, it is also possible that a small proportion of sequences might align

to incorrect taxa both in gDNA and MDA libraries, especially in the case of closely

related species (for species in different genera, our ddRAD datasets have almost no

homologous loci). However, an increase in the number of incorrect alignments under

MDA is only expected in the case of significant non-templated amplification. To test

whether this is observed here, we modelled the effect of MDA on the number of

reads/loci aligning to incorrect taxa by using the logit-transformed proportion of

incorrect matches as the response variable in a mixed model with MDA and

log-transformed number of reads/loci as fixed effects and sample nested within taxon

as a random effect. Since some samples exhibited no incorrect match, we added 0.001

to the proportions before logit transformation. We fitted three models, each at a

different step in dataset assembly: one for raw reads, another for all assembled loci for

each sample and another only including loci in the final dataset. Fitting of linear mixed

models was performed as described above, and all pairs of samples sharing at least

100 loci in the final dataset were included, totaling 57 pairs of libraries. The same

samples were included in all three models (Table 1).

Contamination between samples within a species would be harder to perceive and

more problematic in most contexts. Even though we cannot detect it directly, it is

possible to test whether the effects of this form of contamination cause a significant

bias. To identify samples that likely have a significant amount of contamination from

close relatives, we compared the overall genetic distance of SNP sites between the

two libraries (gDNA and MDA) produced for each sample. We used as a distance

metric the average number of pairwise differences between the alleles of two libraries

at SNP sites, ignoring Ns and gaps. For each gDNA library, we also obtained the distance

between this library and gDNA libraries from other individuals from the species,

if at least 35 loci were shared. The lower filter for number of loci used here was necessary

to include all libraries in the comparison and, as shown in the results, libraries with

very few loci shared with other samples were those with most problems. With little to no

contamination, MDA libraries are expected to be very similar to the gDNA libraries

from the same sample, and more similar than gDNA libraries produced from closely

related individuals. Therefore, we identified problematic samples as those in which

their gDNA and MDA libraries have higher genetic distances between themselves

than the gDNA library has to its most similar conspecific gDNA library. Considering

that our mixed models for contamination between taxa indicated that samples with

higher more loci might be less affected by contamination, we also observed whether

samples identified as problematic using the procedures above are among those with

fewer loci in the final dataset.
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Overall effect of biases caused by MDA
In addition to understanding the effects of MDA on specific parameters, such as

heterozygosity, GC bias, and amount of contaminants, we tested whether the overall

biases and errors caused by MDA have the potential to overcome the natural genetic

variability of the populations studied here and impact a population-level study.

To understand if this is the case, we first excluded the nine MDA libraries with the

smallest number of loci in the final dataset, since our results showed that samples with

significant levels of contamination are among those with large amounts of missing data.

Next, we have generated, for each taxon, a matrix of average pairwise genetic

differences in SNP sites. Since in a few cases two libraries for the same taxon did not

have any loci in common, a pairwise distance could not be calculated and both libraries

were removed from this analysis, resulting in a total of 48 samples with two libraries each

across five taxa. We then modeled the relationship between this distance matrix as a

response and several predictors (MDA, population and number of loci) using a MDMR.

The aim of this analysis is to test whether biases in MDA lead to spurious clustering

of libraries produced from different individuals. We further checked graphically whether

libraries from a single sample clustered together by producing neighbor-joining trees

based on the matrix of genetic distances.

As a proof of concept that MDA produces high-quality data for studies of

phylogeography, we have also performed population genetics analyses. Following our

own recommendations of imposing stringent filters for sample and locus inclusion in the

final dataset, we first filtered both samples and loci to reduce the amount of missing data.

In the ipyrad pipeline, this is done by removing specific samples and setting a

minimum number of samples per locus, and we built an interactive visualization tool

using the R package shiny (Chang et al., 2018) (Matrix Condenser, available at

https://bmedeiros.shinyapps.io/matrix_condenser and https://github.com/brunoasm/

matrix_condenser) to identify an optimal combination of sample and locus filtering to

reduce missing data. We aimed to retain as many samples and loci as possible for each

taxon with no more than 50% missing data per sample, and only removed samples based

on the amount of missing loci, not in their identity or library preparation method.

For each taxon, we generated a new branch in the ipyrad pipeline using the parameters

chosen in matrix condenser. We then exported new output files containing unlinked

SNPS and converted these files from phylip to genpop format using a custom python

script (Data S3). We did a principal component analysis of the genetic variation and

k-means clustering (Jombart, Devillard & Balloux, 2010) in the R package adegenet

(Jombart, 2008; Jombart & Ahmed, 2011), visualizing whether clusters obtained were

compatible with geography (i.e., populations) or method of library preparation. Here,

we are mostly concerned with whether MDA results in spurious clusters, and detailed

population genetic analyses with full description of the populations involved and a

larger sampling throughout the range of the species will be published elsewhere.

For C. impar, we further tested the effects of MDA in the estimation of FST for studying

isolation by distance. Since MDA may potentially bias heteozygosity, it could also have
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effects on FST. We chose to focus only on C. impar for this analysis because other taxa

either resulted in too few pairwise population comparisons (Andranthobius, M. bondari,

and M. ypsilon, Fig. 1) or are more complex datasets containing cryptic species

(Anchylorhynchus), which require analyses beyond the scope of this paper. For C. impar,

we estimated pairwise FST between populations and estimated the correlation of linearized

FST with pairwise geographical distance. Significance of this correlation was tested by

using a Mantel test in R package vegan (Oksanen et al., 2018). We repeated the analysis

including only MDA samples or only gDNA libraries, and observed whether correlation

differed between library preparation methods. FST was estimated using the unbiased

estimator of Weir & Hill (2002) combined across loci according to Bhatia et al. (2013),

implemented in the R package BEDASSLE (Bradburd, Ralph & Coop, 2013). Great

circle distances were calculated from geographical coordinates using the R package fossil

(Vavrek, 2011). All R scripts used to produce statistical results and figures in this structure

provided as R markdown notebooks in Article S2 (MDMR and mixed models) and

Article S3 (population genetics analyses). All Python and bash scripts are available in

Data S2 (MDMR and mixed models) and Data S3 (population genetics analyses).

RESULTS
Effect of starting DNA amount on the number of loci assembled for
MDA libraries
The amount of input DNA in the MDA reaction has a significant effect on the number

of assembled loci for a library (Table 1; Fig. 2). When small amounts of input DNA

are used, the average number of loci obtained decreases, but this effect is highly
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Figure 2 Small amounts of input genomic DNA in the MDA reaction reduce the number of loci

assembled for a given number of raw reads. Here, we included all MDA libraries, whether or not

there was a gDNA library prepared from the same sample. Colors used for both lines and points follow

the same scale. The three lines represent model predictions for the relationship between number of reads

and number of loci for input DNA amounts of 50 ng (brown), 100 ng (beige), and 300 ng (green).

Full-size DOI: 10.7717/peerj.5089/fig-2
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variable: some MDA libraries prepared with very little DNA are comparable to gDNA

libraries, while others result in very few loci even with high sequence coverage.

Comparisons between MDA and gDNA libraries for loci assembled,
GC content, variation in coverage, and heterozygosity
When compared to their gDNA counterparts, MDA reduces the average number of

loci obtained for a library, when controlling for the number of reads, and also seems to

increase the variation of the outcome (Table 1; Fig. 3). Even though the coefficient for
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Figure 3 MDA reduces the number of loci assembled for a given number of reads. Colored lines

represent predictions from the mixed model for each type of library, averaging random effects.
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Figure 4 MDA increases variation in read depth across assembled loci. Colored lines represent

predictions from the mixed model for each type of library, averaging random effects.
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MDA alone seems to suggest the opposite effect, the interaction term with number of

reads results in a predicted decrease of at least 29% in the number of loci assembled

for number of reads above 200,000 (Fig. 3). While reducing the number of loci being

assembled, MDA also increases the variation in coverage between loci (Table 1; Fig. 4).

There is evidence that this smaller number of assembled loci is a biased set. In three of

the five taxa we found significant effects of MDA on the proportion of loci shared between

libraries, but the variation explained by MDA was typically half of that explained by

samples being pooled together for size selection as measured by pseudo-R2. Population

identity and overall number of loci obtained for a sample also had generally greater

effects (Table 2).

For both MDA libraries and gDNA libraries, heterozygosity increases with the

number of loci, with the effect being more pronounced in case of MDA (Table 1;

Fig. 5A). When the average coverage of assembled loci is used as predictor,

Table 2 Results of MDMR model fitting for dissimilarity in the set of sequenced loci for each taxon.

Taxon Predictor Pseudo R2 p-Value

Anchylorhynchus 82 libraries Omnibus effect 0.2573 <0.002

MDA 0.0148 0.034

Pool 0.0547 0.006

Population 0.1255 <0.002

Loci in final dataset 0.0214 <0.002

Andranthobius 27 libraries Omnibus effect 0.4095 <0.002

MDA 0.0478 0.028

Pool 0.105 0.002

Population 0.0701 0.112

Loci in final dataset 0.133 <0.002

Celetes impar 43 libraries Omnibus effect 0.2911 <0.002

MDA 0.0239 0.344

Pool 0.0239 0.346

Population 0.1214 0.020

Loci in final dataset 0.0794 <0.002

Microstrates bondari 33 libraries Omnibus effect 0.2704 <0.002

MDA 0.0378 0.06

Pool 0.062 0.192

Population 0.0664 0.054

Loci in final dataset 0.0696 <0.002

Microstrates ypsilon 31 libraries Omnibus effect 0.2975 <0.002

MDA 0.0307 0.608

Pool 0.0643 0.258

Population 0.0922 0.434

Loci in final dataset 0.0527 <0.002

Notes:
All paired and non-paired gDNA and MDA libraries are included. Omnibus effect is the combined effect of all
predictors. Pseudo R2 values are conceptually similar to R2 values in a typical linear regression (McArtor, 2017).
Significant p-values are highlighted in bold. Samples in the same pool have undergone size selection and PCR together.
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we observe a positive relationship in the case of gDNA libraries but negative in the

case of MDA libraries (Table 1; Fig. 5C). For gDNA libraries, the number of assembled

loci and average coverage are positively correlated (Fig. 5B), but for MDA libraries

this relationship is inverted because libraries assembling an unusually low number

of loci also have unusually large average coverage per locus (Fig. 5B). Together, we find

that average coverage and heterozygosity generally increase with the number of

reads for both gDNA and MDA libraries, but in a few cases MDA libraries result

simultaneously in a low number of loci and low heterozygosity. The GC content of
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Figure 5 Heterozygosity depends on number of loci and average coverage, and MDA affects these

relationships. Colored lines represent predictions from the mixed model for each type of library,

averaging random effects. (A) Heterozygosity increases with number of loci assembled, and the rela-

tionship is steeper for MDA libraries. (B) For gDNA libraries average coverage slightly increases with

number of loci. For MDA libraries, samples with unusually low number of assembled loci have unusually

large average coverage per locus. (C) For gDNA libraries, heterozygosity increases with average coverage.

The opposite is observed for MDA libraries. The depression in heterozygosity is more severe in samples

with very high average coverage. Full-size DOI: 10.7717/peerj.5089/fig-5
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assembled loci seems to decrease slightly with the number of loci, but it is not

affected by MDA (Table 1; Fig. 6).

Non-templated amplification
Contamination by human DNA is negligible in both kinds of libraries, with the main

source of identifiable non-template sequences matching the other beetle taxa included

in this study (Fig. 7). In general, most MDA libraries show a larger share of reads and

loci not matching the reference dataset than their gDNA counterparts. Given that the
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there is no detectable effect of MDA. In the few cases with large proportion of raw reads matching to the incorrect taxon, this is drastically reduced
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bottom. (D–F): Proportion of reads/loci aligning to incorrect taxa (red in the bar graphs) against number of reads/loci sequenced, with scale of

Y axis constant. Arrows connect corresponding MDA and gDNA libraries. Full-size DOI: 10.7717/peerj.5089/fig-7
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reference set was made from loci in gDNA libraries, this is not surprising. However, the

proportion of unidentifiable loci is small in the final dataset (Fig. 7). When compared

to their corresponding gDNA libraries, the increase in the proportion of reads/loci

matching to sequences of an incorrect taxon for MDA libraries is generally small, with

only a few samples showing a very large share of incorrect matches in reads, which

diminishes in the final dataset (Fig. 7). Linear mixed models did not find a significant

effect of MDA in the proportion of reads matching to incorrect taxa (Table 1), but a

higher number of reads is significantly associated with a smaller proportion of incorrect

matches. In the case of assembled loci, we did not find a significant effect of either

MDA or number of loci (Table 1). In the final dataset, we found that MDA slightly

increases the proportion of loci matching to incorrect taxa, and this proportion decreases

with a larger number of loci (Table 1). Even though the effect is significant in the final

dataset, its magnitude is small and the overall proportion of incorrect matches is

reduced at each bioinformatics step. The most extreme outlier in raw reads is represented

by an MDA library that had an excess of 25% of reads matching to an incorrect taxon

when compared to its gDNA counterpart (Fig. 7). The highest increase in incorrect

matches for MDA samples in loci in the final dataset, on the other hand, was 1.3%,

and the average increase was 0.1% (Fig. 7).

Only three libraries exhibited potential bias caused by MDA when comparing the

genetic distance between libraries, with distances between gDNA libraries prepared

from different individuals being equal to or smaller than the gDNA and MDA libraries

prepared from the same sample (Fig. 8). All of these MDA libraries are among the

nine (15%) with the smallest number of loci shared in the final dataset, suggesting that
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samples resulting in unusually low number of loci are more likely to have undergone

significant non-templated amplification. For all further analyses, to avoid the inclusion

of samples with significant amount of non-template loci in the final dataset, we removed

these nine MDA libraries.

Overall effect of biases caused by MDA
None of the five taxa exhibited an effect of MDA on clustering by sequence similarity,

and in all cases the pseudo-R2 associated with population assignment was much larger

than that associated with MDA (Table 3). Moreover, in neighbor-joining dendrograms

all pairs of libraries prepared from the same sample correctly cluster with each other

(Fig. S1). In population genetics analyses including both MDA and gDNA samples

filtered to reduce missing data (Table S2), we observe genetic clusters that correspond to

cryptic species or to geography (other taxa), not to library preparation method (Fig. 9).

For Anchylorhynchus, clusters correspond to cryptic species. For Andranthobius, there

is little genetic structure between the three localities sampled and all samples are recovered

as part of the same cluster. For C. impar, all local populations are contained in one of

the genetic clusters. For M. ypsilon, only two clusters are found, and one of the

populations has individuals in both of them. This population is also geographically

Table 3 Results of MDMR model fitting for pairwise genetic distances in each taxon.

Taxon Predictor Pseudo R2 p-Value

Anchylorhynchus 32 libraries Omnibus effect 0.9025 <0.002

MDA 0.0089 0.126

Population 0.8503 <0.002

Loci in final dataset 0.0043 0.358

Andranthobius six libraries Omnibus effect 0.5426 0.664

MDA 0.0653 0.890

Population 0.3834 0.228

Loci in final dataset 0.0355 0.956

Celetes impar 20 libraries Omnibus effect 0.6500 <0.002

MDA 0.0132 0.848

Population 0.6059 <0.002

Loci in final dataset 0.0302 0.332

Microstrates bondari 18 libraries Omnibus effect 0.4850 <0.002

MDA 0.0465 0.334

Population 0.3954 <0.002

Loci in final dataset 0.0644 0.114

Microstrates ypsilon 14 libraries Omnibus effect 0.5620 <0.002

MDA 0.0328 0.710

Population 0.4089 <0.002

Loci in final dataset 0.0879 0.048

Notes:
Only paired gDNA and MDA libraries sharing loci with all samples in the final dataset are included. Omnibus effect is
the combined effect of all predictors. Pseudo R2 values are conceptually similar to R2 values in a typical linear regression
(McArtor, 2017). Significant p-values are highlighted in bold.
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positioned between the other two. For M. bondari, two clusters are found. One includes

most individuals while the other includes one MDA and one gDNA sample.

The population divided between two genetic clusters is also the most geographically

isolated one. In summary, even though patterns differ between taxa, in no case we

observe clustering by library preparation method. For C. impar, patterns of isolation

by distance using only MDA libraries, only gDNA libraries or both together are
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essentially the same (Table 4; Fig. S2). The correlation between geographical distance

and FST is very similar in these three cases, even though not significant at the 0.05 level

for gDNA alone since in the filtered dataset two populations did not have any gDNA

sample (Table 4).

DISCUSSION
The comparison between libraries produced from the same sample with and without

MDA reveals that MDA can result in high-quality libraries from samples with little DNA

yield, but some caveats should be observed. First, there is generally a decrease in the

number of assembled loci for a given number of reads (Fig. 3). This contrasts with the

results of Blair, Campbell & Yoder (2015), who did not find any difference in the number

of loci recovered from MDA and direct libraries. This difference might be explained,

at least in part, by the smaller amount of input DNA used in some samples here,

since we found a significant effect of amount of input genomic DNA in an MDA reaction

on the number of loci, after controlling for number of reads obtained (Fig. 2). It is likely

that, when low amounts of input DNA are used, stochastic effects during genome

amplification may result in uneven representation of different genomic regions,

decreasing the coverage of some loci below the defined threshold (Sabina & Leamon,

2015). Deterministic effects could also cause a reduction in the number of assembled

loci, since we found evidence for gDNA and MDA libraries being associated with different

sets of loci in at least some taxa. This effect, however, seems to be small when compared

to the effect caused by natural genetic variation between populations and of pooling

samples for size selection and PCR (Table 2). We have not found biased amplification of

regions with different GC content, as reported for MDA in previous studies (Sabina &

Leamon, 2015). It is likely that the main driver of GC biases in RAD libraries is PCR

amplification (DaCosta & Sorenson, 2014), not MDA. One deterministic effect that has

been reported and is consistent with our results is the differential amplification of loci

by size. Shortt et al. (2017) found that loci recovered in MDA-amplified samples are

consistently shorter than loci in non-amplified samples, even with the same size selection

protocol. In the absence of reference genomes, we cannot evaluate fragment size here,

but our results are consistent with a mixture of deterministic and stochastic effects

resulting in the smaller set of loci for MDA samples.

We have found evidence for the presence of raw reads resulting from non-templated

amplification in a few samples, but across all samples it does not seem to be significant.

Most of the reads that do not align to the correct species do not have a clear origin, but in a

Table 4 Mantel tests for isolation by distance in Celetes impar.

Dataset Number of populations Correlation p-Value

All samples 6 0.4802 0.025

gDNA 4 0.4773 0.0833

MDA 6 0.5076 0.025

Note:
See Table S2 for the number of gDNA and MDA libraries included in each population.
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few cases they seem to result from contamination from other samples (Fig. 7). MDA,

therefore, might add another step in which cross-contamination can occur. Even though

there is some evidence for contamination in the sequenced reads, filters imposed by

bioinformatics steps seem to eliminate or reduce the problem. Even in the few cases in

which there is a large number of reads resulting from contamination from other species,

these seem to be largely eliminated from the final dataset, probably because the

randomness in sources of contamination for the different samples results in no shared

loci derived from contaminants. It is important to highlight that we imposed

non-stringent filters for minimum coverage at a locus (seven) and of number of samples

sharing a locus (four) for the tests of contamination. It is likely that more stringent

criteria will have an even greater effect in eliminating potential contaminants.

We have also observed some evidence for contamination between closely related

samples (Fig. 8), with MDA resulting in a few libraries that are genetically dissimilar to

their corresponding gDNA library. These libraries all exhibit a low number of loci in

the final dataset, when compared to other libraries for the same taxon. At least for the

cases observed here, filtering libraries sharing only a few loci with others in the final

dataset was sufficient to eliminate problematic samples. Since exclusion of samples

with high amounts of missing data is already a requirement for some commonly used

methods in population-level studies, such as fastSTRUCTURE (Raj, Stephens & Pritchard,

2014), ADMIXTURE (Alexander, Novembre & Lange, 2009), and DAPC (Jombart,

Devillard & Balloux, 2010), it is likely that datasets prepared for population genetic

analyses based on whole-genome patterns of variation would not contain

significant biases.

Even though MDA generates reliable data for population genetics, and has been

successfully used to study the number of queens in ant colonies (Boyle et al., 2018),

it might be problematic for other applications of ddRAD. For phylogenetic studies,

missing data due to indels and mutations in restriction sites are expected to be common,

especially among more distantly related species (Rubin, Ree & Moreau, 2012). It has even

been suggested that missing data should not be excluded from phylogenetic datasets

produced from RADseq (Eaton et al., 2016; Tripp et al., 2017) and that patterns of missing

loci can be used as phylogenetic characters (DaCosta & Sorenson, 2016). This contrasts

with our recommendation of excluding samples with high levels of missing data, and

it might be hard to distinguish library preparation artifacts from biological variation

in the number of loci. Another potential use of ddRAD in which MDA might be

inadequate are genome scans for signatures of selection. Even a very small level of

contamination might result in false positive outlier loci, adding to the potential

problems with using RAD in studies of adaptation (Catchen et al., 2017; Lowry et al.,

2017a, 2017b; McKinney et al., 2017).

Multiple displacement amplification seems to have some effect on genotyping, since

the effect of number of loci and average coverage per locus is different in MDA and

gDNA libraries (Fig. 5). MDA libraries with small number of assembled loci are associated

with large average coverage per locus and low observed heterozygosity. This indicates that,

in some samples, MDA over-amplified one of the alleles for some loci, resulting in few
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loci with large coverage and apparent homozygosity. As in the case of contamination,

samples yielding fewer loci in the final dataset seem to be more strongly affected.

Using a fairly large amount of template DNA in the MDA reactions, Blair, Campbell &

Yoder (2015) did not observe loss of heterozygosity in MDA libraries compared to

gDNA libraries.

Even though MDA does introduce small errors, as we observed in heterozygosity,

and a small level of contamination in a few samples, these seem to be insignificant when

compared to the natural genetic variation of the species that we studied, and does not

seem to introduce systematic bias. We did not find a significant effect of MDA on the

pairwise genetic distances between libraries (Table 3), and neighbor-joining trees

based on the pairwise genetic distances clearly recovers individuals and populations

(Fig. S1). Further, in tests with datasets filtered to exclude samples and loci with

large amounts of missing data we did not find any evidence for k-means clustering

or FST being biased when MDA and gDNA libraries are used in the same analysis

(Fig. 9; Table 4; Fig. S2).

An important limitation of our study is the fact that sampling and sequencing was not

initially designed to test the effects of MDA, but rather to study the phylogeography of the

species included here. A major consequence is the uneven number of reads obtained

between gDNA and corresponding MDA libraries, since MDA libraries were sometimes

produced specifically for samples for which more coverage was desired. This difference

in number of reads passing filter should be not be understood as a result of MDA,

since MDA and gDNA samples were generally sequenced separately. Rather, we considered

it as an independent variable that needs to be accounted for while modeling. Therefore,

we addressed the problem of variation in number of reads per sample by removing

libraries with very few assembled loci from the dataset and by explicitly including the

number of reads or assembled loci as predictors in our models. Another important

caveat is that, since variability in the amount of input gDNA in the MDA reaction

came from the natural variation in samples, it is possible that the effect of decreasing DNA

amounts that we observed is not simply a consequence of DNA quantity. It is reasonable

to assume that, for a given species, samples that yielded less DNA are also likely to

have lower-quality DNA, and therefore the effect might be largely driven by DNA quality,

not quantity. It is noteworthy that a relationship between sample degradation and a

lower number of sequenced loci has been found for ddRAD before, even in the absence

of whole-genome amplification (Graham et al., 2015). Considering that previous

studies obtained even genomic coverage with input amounts of high-quality DNA for the

MDA reaction on the order of one ng (Ng, Roberts & Coleman, 2005), it is likely that

DNA quality also plays a role here and care should be taken when using MDA for sheared

samples as some museum specimens. The same correlation between DNA quantity

and quality is probably encountered in other studies in which MDA might be useful.

As a consequence, we can expect that, in general, MDA can be used to rescue a sample

with little DNA yield that would otherwise be unsuitable for ddRAD, with a possibility

that the number of loci recovered will be lower than expected for a typical sample.
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CONCLUSION
We characterized the effects of MDA on ddRAD libraries by making comparisons in

conditions experienced in studies in which MDA is most needed. Whole-genome

amplification byMDA is an option for increasing the starting amount of DNA for samples

that would usually not be suitable for ddRAD. The main problem resulting from

MDA seems to be a reduction in the number of loci obtained for a given number of reads,

which can increase the sequencing costs in addition to the cost of MDA procedure

itself. Other artifacts, such as contamination and genotyping bias, are not found

consistently across samples and their effects are negligible for the purposes of

population genetic studies after samples with an unusually low number of sequenced loci

are filtered. In general, our sampling resulted in data generated under conditions

similar to those encountered in studies sequencing a large number of samples from

organisms with little DNA yield, and the robustness of MDA that we find here indicates

that it is useful, even in non-ideal conditions, in the preparation of ddRAD libraries.

When proper care is taken in the assembly of datasets, MDA coupled with ddRAD offers

the possibility of generating high-quality libraries for genomic studies in small organisms.
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Chapter 2

Interactions between the licuri palm

(Syagrus coronata) and its flower visitors

Note: Supplemental materials included in Appendix B.

2.1 Introduction

Communities of plants and their insect brood pollinators are important biological systems providing
insights into the evolution of biological interactions, particularly mutualism (Bronstein 2015; Herre
et al. 1999; Leigh 2010). In its broadest definition, brood pollination or nursery pollination refers
to systems in which plants provide breeding sites as rewards to pollinators (Dufay and Anstett 2003;
Sakai 2002). Some authors, however, adopt a more strict definition in which brood pollinators are
pollinators which breed on seeds or ovules as larvae (Hembry and Althoff 2016; Kawakita and Kato
2017). In this more restricted sense, brood pollination was long believed to be exceptionally rare and
arise only in extremely specialized partnerships in which plants and insects strictly depend on each
other. However, the more recently described systems challenge this conception and greatly increase the
number of known cases, revealing that specialized brood pollinators can indeed coexist with generalists.

Two systems of brood pollination have been studied for over a hundred years (Mayr 1885; Riley
1892) and offer some support for the traditional view. Figs are strictly dependent on fig wasps
(Agaonidae) for pollination (Herre, Jandér, and Machado 2008), while yuccas are strictly dependent
on Yucca moths (Tegeticula), with the exception of Y. aloifolia L. (Pellmyr 2003; Rentsch and Leebens-
Mack 2014). In both cases, each plant species is pollinated by one or more species of their specialized
pollinators, and pollinators interact locally with only one or a few congeneric hosts (Althoff et al. 2012;
Darwell, Al-Beidh, and Cook 2014; Herre, Jandér, and Machado 2008; Molbo et al. 2003; Pellmyr
2003). As expected from theory (Edwards et al. 2010; Jandér and Herre 2010, 2016; Leigh 2010;
Sachs and Simms 2006), the mutualistic nature of the interactions emerges from the plant ability to
control insect behavior by means of sanctions to inadequate pollination or overconsumption of fruits,
or by directing oviposition to a subset of tissues preserving seed-producing ovules (Jandér and Herre
2010, 2016; Pellmyr and Huth 1994). It seems plausible, however, that both selective and random
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fruit abortion are sufficient to limit damage caused by pollinators (Holland and Deangelis 2006;
Shapiro and Addicott 2004), or even larval mortality due to causes extrinsic to the interaction (Segraves
2003). The selection pressure for better pollination has lead to the emergence of active pollination
both in yucca moths and some lineages of fig wasps (Pellmyr 2003; Rentsch and Leebens-Mack 2014).
In addition to specialized pollinators, flowers of figs and yuccas are also visited by similarly specialized
non-pollinating wasps and moths, which breed on the plants but do not pollinate. These parasites in a
few cases have evolved from mutualistic ancestors (Herre, Jandér, and Machado 2008; Pellmyr 2003).
Flowers of yuccas, more exposed than those of figs, are also visited by a diverse community of insects
unrelated to the pollinator moths, with some of them being non-pollinator florivores (Althoff, Segraves,
and Pellmyr 2005; Pellmyr 2003). In summary, both yuccas and figs are exclusively pollinated by
highly specialized mutualists with which they have coevolved and diversified for millions of years and
a visited by a more diverse community of parasites that do not contribute to pollination (Althoff et al.
2012; Cruaud et al. 2012; Herre, Jandér, and Machado 2008; Pellmyr 2003).

Recently characterized systems present a more diverse array of ecological interactions. Some
communities are similar to those previously described, with specialized seed predators that actively
pollinate specialized plants. Examples include leafflowers and leafflower moths (Hembry et al. 2013;
Kawakita 2010) and the recently described Diachaea orchids and Montella weevils (Nunes et al. 2018).
In both cases, plant sanctions are unknown, but parasitoids limit larval damage in orchids (Nunes
et al. 2018) and in some leafflower species (Kawakita 2010). In other communities there is also
specialization, but larvae consume decaying tissues, such as male reproductive structures after anthesis.
Sanctions are not known, but the mutualism might be stable due to the low cost of the damage
caused by larvae. Examples include Zamia cycads and Rhopalotria weevils (Norstog and Fawcett
1989), and Phoenix and Chamaerops palms and derelomine weevils (Anstett 1999; Meekijjaroenroj
and Anstett 2003). In the latter, weevils lay eggs in male and female structures, but only those in
male structures develop (Dufay and Anstett 2004). In both cases, female flowers or cones offer no
rewards to pollinators, which are attracted by similarity between female and male flowers. Lastly,
several specialized brood pollinators are associated with non-specialized plants that are also pollinated
by other insects. The outcome of the interaction varies along the mutualism-antagonism spectrum,
depending on the existence and efficiency of less costly generalist pollinators. Described systems
include globeflowers and globeflower flies (Suchan et al. 2015), Silene and their pollinator moths
Hadena and Perizoma (Kephart et al. 2006), Greya moths and their hosts in Saxifragaceae (Thompson
and Cunningham 2002; Thompson and Pellmyr 1992) and the Senita cactus and Senita moth (Fleming
and Holland 1998; Holland and Fleming 1999). While more complex, these systems are also the
most promising as models to study the origin and maintenance of mutualisms, especially considering
the emerging idea that many mutualisms are context-dependent (Hoeksema and Bruna 2015).

Such systems of brood pollination coexisting with generalist pollinators might not be as rare as
previously thought. For example, interactions currently described as specialized might in reality include
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overlooked species. This is the case of globeflowers, in which only recently the importance of generalist
pollinators was recognized in some populations (Suchan et al. 2015). Moreover, there are plants with
flowers known to be visited by a diverse community of insects including brood pollinators, but which
have not yet been thoroughly characterized. This is the case of most palms (Arecaceae) (Barfod, Hagen,
and Borchsenius 2011; Henderson 1986; Silberbauer-Gottsberger 1990) and other tropical plants with
similar pollinators and pollination systems such as Annonaceae, Araceae and Cyclanthaceae (Franz
2007; Silberbauer-Gottsberger et al. 2001).

Among palms, pollination systems vary. Many palms are pollinated by beetles breeding on
decaying plant tissues, often weevils in the tribe Derelomini (Franz and Valente 2005) and sap
beetles in the genus Mystrops (Kirejtshuk and Couturier 2010). These palms are typically either
protogynous with monoecious inflorescences or dioecious at the individual or inflorescence level.
Beetle pollinators typically feed on decaying male inflorescences as larvae and are attracted to pistillate
flowers by deception. Other insects, such as bees, may visit staminate flowers, although they rarely visit
pistillate flowers. Examples include Phoenix and Chamaerops in the subfamily Coryphoideae (Anstett
1999; Meekijjaroenroj and Anstett 2003), Phytelephas in the Ceroxyloideae (Bernal and Ervik 1996),
Mauritia in the Calamoideae (Mendes et al. 2017) (even though wind pollination might be relevant
in some localities (Rosa and Koptur 2013)), as well as several lineages in the Arecoideae: the African
and American oil palms (Elaeis) (Meléndez and Ponce 2016; Syed 1979), and the Neotropical
genera Acrocomia (Scariot, Lleras, and Hay 1991), Astrocaryum (Silberbauer-Gottsberger et al. 2001),
Attalea (Anderson, Overal, and Henderson 1988; Fava, Covre, and Sigrist 2011; Küchmeister,
Gottsberger, and Silberbauer-Gottsberger 1993; Núñez-Avellaneda, Bernal, and Knudsen 2005;
Silberbauer-Gottsberger et al. 2001) Bactris (Fava, Covre, and Sigrist 2011; Henderson et al. 2000;
Listabarth 1996),Desmoncus (Listabarth 1994) andWettinia (Núñez-Avellaneda, Bernal, and Knudsen
2005; Restrepo Correa et al. 2016).

Other palms were traditionally described as bee-pollinated, but are now believed to be pol-
linated both by bees and beetles. Palms with this mode of pollination usually harbor unisexual
flowers in open monoecious inflorescences with protandry and production of nectar in pistillate
flowers (Silberbauer-Gottsberger 1990) and include the genera Euterpe (Campbell et al. 2018; Hen-
derson 1986; Küchmeister, Silberbauer-Gottsberger, and Gottsberger 1997) and Oenocarpus (Núñez-
Avellaneda, Isaza, and Galeano 2015; Núñez-Avellaneda and Rojas-Robles 2008) in the tribe Areceae,
and Butia (Silberbauer-Gottsberger 1973; Silberbauer-Gottsberger, Vanin, and Gottsberger 2013) and
Syagrus (Guerrero-Olaya and Núñez-Avellaneda 2017; Núñez-Avellaneda 2014; Núñez-Avellaneda
and Carreño 2017; Silberbauer-Gottsberger, Vanin, and Gottsberger 2013) in the tribe Cocoseae. The
coconut (Cocos nucifera L.) is closely related to the latter (Meerow et al. 2015) and has a similar flower-
ing biology (Thomas and Josephrajkumar 2013). Even though it is thought to be a generalist mostly
bee-pollinated worldwide (Thomas and Josephrajkumar 2013), the coconut may harbor specialized
weevils in its native range (Cock 1985; Thomas and Josephrajkumar 2013).
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Our understanding of most of these latter systems is still imperfect. Often, studies focused on
pollination do not include detailed information about larval breeding sites for beetles (Campbell
et al. 2018; Guerrero-Olaya and Núñez-Avellaneda 2017; Henderson 1986; Küchmeister, Silberbauer-
Gottsberger, and Gottsberger 1997; Núñez-Avellaneda 2014; Núñez-Avellaneda and Carreño 2017;
Núñez-Avellaneda, Isaza, and Galeano 2015; Núñez-Avellaneda and Rojas-Robles 2008; Thomas
and Josephrajkumar 2013). When natural history is well known, pollination information is often
lacking (Bondar 1937, 1940a,b,c, 1942, 1943a,b, 1945; de Medeiros, Bená, and Vanin 2014; de
Medeiros and Núñez-Avellaneda 2013; Franz and Valente 2005). Given the poor state of knowledge of
the taxonomy of weevils (McKenna et al. 2018; Oberprieler, Marvaldi, and Anderson 2007; Shin et al.
2018), their main beetle visitors, comparisons across studies are difficult. The few exceptions include
Butia paraguayensis (Barb.Rodr.) L.H.Bailey, pollinated mostly by bees but also by the seed predator
weevil Anchylorhynchus bicolor Voss (Silberbauer-Gottsberger 1973; Silberbauer-Gottsberger, Vanin,
and Gottsberger 2013) and a species then identified as Syagrus petraea and likely currently Syagrus
loefgrenii Glassman (Noblick 2017), which is pollinated mainly by weevils (including Anchylorhynchus
camposi Bondar) but also in a lesser extent by bees (Silberbauer-Gottsberger, Vanin, and Gottsberger
2013).

The genus Syagrus is a promising model system for the study of the origin and maintanence
of mutualisms. Many species are associated with weevils in the genus Anchylorhynchus, which have
been shown to be pollinators in three species of Oenocarpus (Núñez-Avellaneda, Isaza, and Galeano
2015; Núñez-Avellaneda and Rojas-Robles 2008), one of Butia (Silberbauer-Gottsberger 1973;
Silberbauer-Gottsberger, Vanin, and Gottsberger 2013) and three of Syagrus (Guerrero-Olaya and
Núñez-Avellaneda 2017; Núñez-Avellaneda and Carreño 2017; Silberbauer-Gottsberger, Vanin, and
Gottsberger 2013), and seed predators in Butia eriospatha (Mart. ex Drude) Becc (de Medeiros, Bená,
and Vanin 2014) and Butia paraguayensis (Silberbauer-Gottsberger 1973; Silberbauer-Gottsberger,
Vanin, and Gottsberger 2013). Weevils in this genus are also known to be flower visitors in additional
four species of Butia, 12 of Syagrus and possibly Euterpe edulis, but these species have not been studied
in detail (de Medeiros 2011; de Medeiros and Núñez-Avellaneda 2013; Valente and de Medeiros
2013). Inflorescences in Syagrus produce both staminate and pistillate flowers, with accentuated
protandry. Each pistillate flower produces a single seed, but in Syagrus graminifolia (Drude) Becc.
and Syagrus loefgrenii Glassman two seeds are also occasionally observed (Noblick 2017). While
dozens of species of insects visit staminate flowers, only a subset them of also visit pistillate flowers.
All species surveyed until now are pollinated by a combination of bees and one or more of the beetles
that lay eggs in floral tissues, with the relative importance of bees and beetles varying between species
of Syagrus.

Here we will describe the natural history of the flower visitors of Syagrus coronata (Mart.) Becc.
This is a species endemic to the Brazilian northeastern seasonally dry tropical forests (Noblick 2017),
widely used by local populations for food, wax and fibers (Bondar 1938; de Andrade et al. 2015;
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Drumond 2007; Isaza, Bernal, and Howard 2013; Ramalho 2006; Rufino et al. 2008; SDAC 2012)
and one of the main food sources of the endangered Lear’s Macaw (BirdLife International 2017;
Sick, Gonzaga, and Teixeira 1986). It is one of the few plants in this semi-arid environment to
flower throughout the year, even though populations differ in their flowering peaks (Drumond 2007;
Noblick 2017; SDAC 2012). Inflorescences are monoecious with unisexual flowers, up to 95 cm
long (Noblick 2017), harboring an average of about 11,000 staminate flowers and 800 pistillate flowers
each (Rocha 2009). Like most species of Syagrus, pistillate flowers produce a single seed (Noblick 2017).
Flowering in S. coronata is protrandrous by approximately 10 days, with almost no synchrony between
staminate and pistillate flowers in a single individual (Rocha 2009). Pollen/ovule ratio is extremely high
(1.76× 106) (Rocha 2009) and pre-anthesis pollen viability was estimated to be 96.9% (Rocha 2009).
There is no thermogenesis and volatiles released by staminate and pistillate flowers are very similar,
but those released by the peduncular bract differ between flowering phases (Barbosa 2016). Pistillate
flowers produce nectar (Silberbauer-Gottsberger 1990), but its properties were not studied in detail.
The role of insects in pollination seems to vary in space: Rocha (2009) found that insects account
for half of the seed set, with wind and limited self-pollination accounting for the remainder (totaling
about 40% of the pistillate flowers when insects are present). In contrast, Barbosa (2016) observed
no difference in seed set when pollinators are excluded, obtaining a low seed set of approximately
15% whether or not insects were excluded — a number close to the wind pollination-only treatment
in the former study. While both of these previous studies have provided valuable insights into the
pollination biology of S. coronata, most of the insect species visiting flowers of S. coronata remained
unidentified, and the nature of their interactions with the host plants poorly known. Here we review
the literature and report new observations to describe the natural history of the visitors to flowers of
Syagrus coronata along axes important for understanding the interaction of each species with its host
plant: (1) role in pollination, (2) geographical distribution, (3) location of mating and oviposition, (4)
larval breeding sites.

2.2 Materials and Methods

2.2.1 Study Sites

We have sampled flower visitors across two geographical scales. In the narrowest scale, we have studied
insects visiting flowers of Syagrus coronata in one locality in the municipality of Serrinha, Bahia, Brazil.
The distribution of Syagrus coronata in this region is nearly continuous, with palms extending through
large areas of crops, pasture and remnants of natural Caatinga vegetation (Figure B.1C). In total, we
have observed or collected flowers from 28 individual trees. To further understand the geographical
distribution of weevils interacting with Syagrus coronata, we have also collected flower visitors from
inflorescences in te pistillate and staminate phases throughout the range of the palm species, in a total
of 14 localities and 54 inflorescences sampled (Figure B.1B).
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2.2.2 Flowering biology

To confirm if S. coronata is pollinated by insects in the Serrinha site, we have bagged 2–4 rachilae in four
different inflorescences, with one inflorescence per palm individual. We used polypropylene pollination
bags (Carolina Biological Supply) with relatively large pores measuring about 0.5 mm × 1.0 mm.
These may allow wind pollination, but exclude insect visitors to flowers. Inflorescences were not
emasculated, but rather rachilae were cleaned after the end of male anthesis with a dust-removal air
spray and their apical region without pistillate flowers was pruned. Approximately two weeks after
female anthesis, we compared the proportion of developing fruits between bagged rachilae and the
nearest unbagged rachilae (also cleaned and pruned) by using a mixed binomial generalized linear
model using the R package lme4 v.1.1-17 (Bates et al. 2015) in R v.3.4.1 (R Core Team 2017).
Presence of pollination bags was treated as a fixed effect while pairs of rachilae nested within plants
were treated as random effects. We also observed inflorescences throughout the day and night, either
directly or by time-lapse photography to establish the development of flowers and time of anthesis.

2.2.3 Insect sampling

In Serrinha, we used two complementary methods to sample adult insects visiting inflorescences
during 24 days in the rainy season. The first consisted in bagging and removing inflorescences, during
day time and night time, with 3 inflorescences in each time period for the staminate phase and 4
inflorescences in each time period for the pistillate phase. We sorted, identified and counted all insect
morpho-species collected in the bags. The second method was used only in inflorescences in the
pistillate phase and consisted in closely observing a few branches of inflorescences during different
times of the day and collecting all insects seen on pistillate flowers with the help of an aspirator, for a
total of 460 minutes of observations during day time and 430 during night time. Each individual was
stored in an separate vial containing 95% ethanol. In addition to sampling insects, we observed and
documented the behavior of flower visitors, including their activity times, parts of the inflorescence
being visited and sites of mating and oviposition. We also thoroughly searched larvae in inflorescence
tissues both during and after anthesis.

In all other localities, we sampled insects by bagging inflorescences in the pistillate and staminate
phases, immediately retrieving insects from bags by using an aspirator. These collections were all done
during the day time and focused on weevils. As a result, they are only meaningful for weevils that are
either active during the day or that rest in the inflorescences during this time. Because the number
of visitors was often too large to allow collection, sorting and counting of all insects throughout this
range, we have aspirated weevils directly from the bagged inflorescence with the goal of retrieving all
morpho-species visible and at least 10 individuals per morpho-species if available. All insects collected
were then stored in 95% ethanol. These collections were used to map the geographical range of weevil
species and to rank their abundance in discrete categories as following: rare (up to five individuals in
a single inflorescence in a locality), abundant (between five and 20 individuals) and very abundant
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(over 20 individuals). In addition to bagging adults visiting flowers, we have also searched larvae in a
number of plant tissues: staminate flowers, pistillate flowers, inflorescence stems, spathe, and green
and mature fruits.

2.2.4 Identification of pollinators

To assess the role of each insect species in pollination of Syagrus coronata, we observed the abundance
and frequency of each morpho-species, assuming that only species consistently visiting both the
pistillate and staminate phases can be important pollinators. We have also observed the behavior of all
species visiting inflorescences in the pistillate phase. For insects aspirated directly from pistillate flowers,
we have extracted pollen from their bodies and the ethanol in the vial by ultrasonic cleaning followed by
centrifuging, and counted the number of Syagrus pollen grains carried. Following Núñez-Avellaneda
and Rojas-Robles (2008), we calculated, for each morphospecies, the pollinator importance value
index (PIVI) as the product of visitation frequencies to pistillate flowers and the median pollen load,
by species. The relative importance of each species as pollinator was calculated as the fraction between
PIVI for each species and the sum of PIVI across species. We have separately calculated each index by
using as frequencies the counts of insects directly aspirated in flowers or the average abundance in
bagged pistillate inflorescences. Finally, we have used scanning electron microscopy to observe the
ventral surfaces of the most abundant beetle species and characterize the shape and abundance of setae.

2.2.5 Insect taxonomy

With the exceptions of ants and spiders, all arthropods collected in Serrinha were sorted to morphos-
pecies. Especially for beetles, the taxonomic literature of insects associated with Syagrus is sparse, with
scant resources available for non-specialists. In order to facilitate further studies in this system, we
made an effort to identify insects as accurately as possible by using both the literature and museum
collections, and to image the most abundant species. Most insects were identified to family (CSIRO
1991; Rafael 2012), but beetles (Bondar 1937, 1940a,b,c, 1942, 1943a,b, 1945; Borowiec 2000;
de Medeiros 2011; Hustache 1940; Ivie et al. 2016; Nilsson and Johnson 1993; Valente 1997, 2005;
Vaurie 1954), bees (Michener 2007; Silveira 2002) and moths (Cock and Burris 2013) were identified
to genus or species whenever possible. For bees and moths, we additionally sequenced the 5’ region of
COI gene by using PCR and Sanger sequencing with primers LCO and HCO and used a BLAST
search on NCBI as an aid to identification.

2.2.6 Association of larvae and adults

We sequenced the 5’ region of COI by using PCR and Sanger sequencing from several adult insects
visiting inflorescences and also from larvae in different tissues across the range of Syagrus coronata. We
failed to amplify this region for adults of Dialomia polyphaga and Pachymerus thoracicus. We obtained
sequences for the former by assembling Illumina reads from an ongoing hybrid enrichment study



Chapter 2. Interactions between the licuri palm (Syagrus coronata) and its flower visitors 40

(de Medeiros & Farrell, unpublished) using MITObim (Hahn, Bachmann, and Chevreux 2013).
For Pachymerus thoracicus, we downloaded a representative sample of Bruchinae sequences from the
Barcode of Life Data System (Ratnasingham and Hebert 2007). The only publicly available COI
sequence for a species of Pachymerus is not included here, consisting of the 3’ region of the gene and
has only a small overlap with our dataset. We aligned all sequences using MAFFT (Katoh and Standley
2013) and inferred a phylogenetic tree in RAxML (Stamatakis 2014) using the GTR+GAMMA model
partitioned by codon position. Sequence editing, alignment and tree inference were done within
Geneious v.11.1.2 (Kearse et al. 2012).

2.3 Results

2.3.1 Flowering biology

One to two days prior to opening, the spathe (i. e. the peduncular bract) turns from green to
yellow (Figure B.2A–B). We have observed opening of the spathe in a single inflorescence, which
occurred in the afternoon. Immediatelly after the spathe splits, its inner surface is light brown and the
inflorescence branches and flowers are either uniformly bright yellow or staminate flowers are bright
yellow with pistillate flowers and basal region of branches greenish-yellow (Figure B.2C–D). Staminate
flowers open asynchronously starting a few hours later, with new flowers opening throughout 5–6
days (N = 2). Flowers open throughout the day and also in the first hours of evening — some of
them spontaneously, and others forced by weevils with their rostrum (Figure B.3A–C). Early in the
morning, pollen in most open flowers is depleted (Figure B.3D), suggesting that the rate of flower
opening is reduced during later hours of the night. In all other times, open staminate flowers with
large amounts of pollen are observed. Throughout staminate anthesis, staminate flowers remain yellow,
while branches and pistillate flowers gradually turn green. Visitors are more abundant at the start of
staminate anthesis and become less abundant towards the end of this period. After the last staminate
flowers are aborted, there is a non-flowering interval of 5–8 days (N = 4). During this interval, the
apical portion of rachilae start to wither, while the basal region containing pistillate flowers turns
dark green (Figure B.2E). Pistillate anthesis starts with opening of sepals. In some cases, pistillate
flowers turn bright yellow before sepals open (N = 9), but in two cases they steadily turned from
green to yellow as anthesis proceeded (Figure B.2F). Opening of the petals exposing the stigma is
asynchronous between flowers and is extended throughout 2–4 days in each flower. Petals open
slowly throughout the day time and night time (Figure B.3E–L), finishing with the stigma fully
exposed (Figure B.3M). This state lasts an additional 1–2 days. Pistillate anthesis lasts 3–6 days in
total (N = 5) and at the end of this period flowers start changing color to brownish green, proceeding
with fruit development (Figure B.3N). Individual plants harbored 1–6 simultaneous reproductive
structures at the start of our observation (median = 4, N = 22), ranging from developing spathes to
infructescences with mature fruits. There was only one event of two inflorescences simultaneouslty in
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anthesis in a single plant. In this case, a new spathe opened one day before the end of pistillate anthesis.
In all other observed plants, staminate and pistillate anthesis did not overlap in a single individual.
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F .: Exclusion of flower visitors results in smaller fruit set. Each record is the
proportion of fruits developing in a rachila. Colors indicate different inflorescences.
Gray violin plots represent confidence intervals for model predictions obtained by

parametric bootstrapping.

In rachilae covered by pollination bags, no more than 9% of the flowers produced fruits, while this
ranged from 18% to 92% in rachilae exposed to pollinators (Figure 2.1). Among unbagged rachilae,
there was a large variation both within and between inflorescences, but the difference between bagged
and unbagged flowers was highly significant (Table 2.1).

2.3.2 Main visitors

Coleoptera, Chrysomelidae: Demotispa florianoi (Bondar) (Figure 2.2I, Figure 2.5)

Bondar (1942) described this species from adults collected in inflorescences of Syagrus coronata. A
related species, Demotispa neivai (Bondar), is a pest of the coconut and the African oil palm and
feeds on the epidermal layer of fruits as adults and larvae (Aldana et al. 2004; Bondar 1940c; Genty
and Mariau 1973). We observed D. florianoi feeding on the epidermal layer of branches of the
inflorescence, leaving scars similar to those reported in fruits attacked by D. neivai. Larvae and pupae
were present only after pistillate anthesis, during development of young fruits. Larval identity was
confirmed by COI barcodes (Figure B.4). Adults can be found during both staminate and pistillate
anthesis, occasionally entering pistillate flowers apparently feeding on nectar. Ventrites of adults are
covered by a dense vestiture of elongated setae, while the thorax has a sculptured surface covered
covered by more sparse setae (Figure 2.3K–L), and this is one of the species with highest pollen load
in pistillate flowers (Figure 2.22C). D. florianoi is only known from Syagrus coronata.



Chapter 2. Interactions between the licuri palm (Syagrus coronata) and its flower visitors 42

F .: Lateral habitus of flower visitors of S. coronata. Scales = 1 mm A Anchy-
lorhynchus albidus B Anchylorhynchus trapezicollis C Andranthobius sp. D Andrantho-
bius bondari E Bitoma palmarum F Celetes decolor G Celetes faldermanni H Celetes
impar I Demotispa florianoi J Dialomia polyphaga K Frieseomelitta sp. L Hus-
tachea bondari MMicrostrates ypsilon NMystrops debilis O Odontoderes transversalis
P Pachymerus thoracicus Q Paratrigona sp. R Phytotribus platyrhinus S Remertus

rectinasus T Trigona sp. U Trigonisca sp.
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F .: Ventral vestiture in beetles visitors to flowers of Syagrus coronata.
Scales = 200 µm A–D Anchylorhynchus trapezicollis: A thorax, B detail of a meso-
coxa showing elongated branched setae, C male abdomen, D female abdomen.
E Andranthobius bondari, thorax. F Bitoma palmarum, metathorax and abdomen.
G–H Celetes decolor: G thorax, H abdomen. I–J Celetes impar: I prothorax, J metha-
torax. K–L Demotispa florianoi: K thorax, L abdomen. M Dialomia polyphaga,
thorax. N–O Microstrates ypsilon: N thorax, O abdomen. P–Q Mystrops debilis:
P thorax, Q abdomen. R Odontoderes transversalis, thorax. S–U Pachymerus thoraci-
cus: S thorax, T detail of abdomen, U mouthparts. V–W Phytotribus platyrhinus,

V thorax, W abdomen. S Remertus rectinasus, thorax.
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number of inflorescences in which at least one individual was collected. See methods
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Figure B.1.
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T .: Model fit results for pollination bags. The dependent variable (fruit set)
is the ratio of fruits developing to number of pistillate flowers in a rachila. 95%
Confidence intervals of parameter estimates shown within parentheses. Inflorescence
and rachilae nested within inflorescence are random effects affecting the intercept.

Fruit set

Unbagged 4.679∗

(3.569,5.789)

Intercept (bagged) −4.183∗

(-5.443,-2.924)

Observations 26
Log Likelihood -48.965
Variance (inflorescence) 0.309
Variance (rachilae) 0.678

Note: ∗p<0.001

Coleoptera, Chrysomelidae: Pachymerus thoracicus Prevett (Figure 2.2P, Figure 2.6)

All of the individuals of Pachymerus collected in Serrinha were identified as P. thoracicus Prevett (G.
Morse, personal communication). Bondar (1937) described the behavior of P. nucleorum (Fabricius),
also a seed predator of Syagrus coronata (Nilsson and Johnson 1993). Given the similarity between the
species and the fact that P. thoracicus was only described later (Prevett 1966), the species of Pachymerus

observed by Bondar should be considered uncertain. Bondar (1937) observed that females lay eggs
in the mesocarp of post-dispersal fruits and larvae penetrate through the germination pore. Almost
all fruits under trees are attacked and damage caused by Pachymerus was one of the main challenges
in early attempts at commercial production of Syagrus coronata for oil (Bondar 1938). Accordingly,
here we found larvae developing in fallen fruits under trees (Figure 2.6C–F). However, we also found
evidence that P. thoracicus is able to lay eggs in fruits still attached to the inflorescence. A larva
found at the base of a full-size fruit in Morro do Chapéu, Bahia(Figure 2.6A), has a very similar COI
barcode to a larva of Pachymerus found in a post-dispersal fruit in Serrinha and both cluster within
Bruchinae (Figure B.4). Pachymerus thoracicus is very abundant in Serrinha and visits both staminate
and pistillate flowers. In staminate flowers, it feeds on pollen (Figure 2.6C). In pistillate flowers, it
moves quickly around the inflorescence, making quick visits to pistillate flowers and probing them for
nectar. It is possible that the long setae in its prognathous mouth parts (Figure 2.3U), typical of nectar-
and pollen-feeding beetles (Krenn, Plant, and Szucsich 2005), touch the stigma and transfer pollen in
these events. Pollen transfer might also be possible when these large beetles walk over flowers, since its
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F .: Demotispa florianoi (Bondar). A Adult, dorsal habitus. B Adult on
spathe. C Adult on pistillate flowers during non-flower interval. D Larva, ventral
habitus. E Pupa on infructescence during early development of fruits. F Pupa, ventral

habitus

ventral surfaces are covered by a dense vestiture with prostrate and erect setae, in which we observed
adhered pollen (Figure 2.3S–T). It was one of the species with highest pollen load, even though with
a high variability between individuals (Figure 2.22C). Adults were only active at night, resting usually
at the base of inflorescences and infructescences during the day. Immediately after sunset, they fly into
inflorescences. Until now, only palms in the genus Copernicia were known as hosts of Pachymerus

thoracicus (Nilsson and Johnson 1993; Silva 1979).

Coleoptera, Curculionidae: Anchylorhynchus Schoenherr (Figure 2.2A–B, Figure 2.7)

There are two species of Anchylorhynchus known to be associated with Syagrus coronata: Achy-
lorhynchus albidus Bondar and Anchylorhynchus trapezicollis Hustache. The former is a rare species
with smaller geographical distribution(Figure 2.4A) and little natural history information available (de
Medeiros 2011; Vaurie 1954). Only the latter was found in Serrinha. Bondar (1940b,c) collected
this species from flowers of S. coronata and noticed that adults feed on pollen. Other species of Anchy-
lorhyncus are known to breed in pistillate flowers of Syagrus and Butia (de Medeiros, Bená, and Vanin
2014; Silberbauer-Gottsberger 1973; Silberbauer-Gottsberger, Vanin, and Gottsberger 2013) and to
be pollinators in species of Butia, Oenocarpus and Syagrus (Guerrero-Olaya and Núñez-Avellaneda
2017; Núñez-Avellaneda and Carreño 2017; Núñez-Avellaneda, Isaza, and Galeano 2015; Núñez-
Avellaneda and Rojas-Robles 2008; Silberbauer-Gottsberger 1973; Silberbauer-Gottsberger, Vanin,
and Gottsberger 2013). Here we found eggs and first-instar larvae on the adaxial surface of sepals and
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F .: Pachymerus thoracicus Prevett. A Fruits still attached to plant from which
larvae were obtained. B Adult on apex of rachila during pistillate phase. Notice the
pronotum much wider than long, a character that differentiates P. thoracicus from P.
nucleorum (Nilsson and Johnson 1993). C Adult feeding on pollen. D Fully grown
larva inside fruit. E Larvae starting its development on fruit shortly after dispersal.

F Detail of the same larva, with legs clearly visible at this stage.
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petals in recently fertilized pistillate flowers (Figure 2.7E). Larvae are flattened with falcate mandibles
as previously reported for A. eriospathae Bondar (de Medeiros, Bená, and Vanin 2014) (Figure 2.7F).
Later-instar larvae drill through the base of flowers and develop inside developing fruits, causing their
premature abortion. Adults are abundant and frequent in both pistillate and staminate inflorescences,
being active both in daytime and nighttime, but flying to flowers in greater numbers around sunset.
In staminate flowers, adults mate and feed on pollen (Figure 2.7A), sometimes forcing the opening
of flowers by using the rostrum. Some individuals rest at the base of the inflorescence and a few
individuals were occasionally found resting after abortion of the last staminate flowers. In pistillate
inflorescences, they move quickly throughout all branches, mating, feeding on nectar and laying eggs.
Egg laying starts even before stigmas are fully exposed and continues until the end of the pistillate
anthesis (Figure 2.7B–D). While laying eggs, females frequently touch the stigma (Figure 2.7B),
and have a stereotypical behavior of rubbing against pistillate flowers following oviposition, already
reported from other species in the genus (de Medeiros, Bená, and Vanin 2014). Ventral surfaces are
covered by setae, simple in the abdomen and elongated and plumose in the thorax (Figure 2.3A–D).
Individuals in pistillate flowers frequently harbor large amounts of pollen (Figure 2.22C). This species
is abundant throughout the distribution of Syagrus coronata, being the only species of weevil frequently
collected in pistillate flowers across its range (Figure 2.4B). It is also reported from Syagrus botryophora

and Syagrus picrophylla (de Medeiros 2011; Vaurie 1954).

Coleoptera, Curculionidae: Andranthobius Kuschel (Figure 2.2C–D, Figure 2.8)

Bondar (1940b) reported that Andranthobius bondari (Hustache) feeds on pollen of Syagrus coronata,
perforating staminate flowers to lay eggs. He probably confused larvae of this species with those of
Microstrates ypsilon Marshall (see below). All of the larvae sequenced from closed staminate flowers
matched to the latter (Figure B.4). We have observed adults of A. bondari arriving to flowers with
more intensity, but not exclusively, at sunset, and active both during the day and night. They feed on
pollen (Figure 2.8D) and mate within open staminate flowers (Figure 2.8A–B). Following mating, in
some cases guarded by males, females drill the base of the flowers using the rostrum and laid eggs in the
perforation (Figure 2.8A–C,F). Females then push the base of flowers to force their excision. Larvae
feed on decaying staminate flowers in the litter (Figure 2.8F). Adults are very frequent and abundant
in staminate flowers over the range of Syagrus coronata, but only occasionally visit inflorescences
in the pistillate phase (Figure 2.4C). Ventral surfaces are smooth covered by sparse setae, short and
branched on the sides of the prosternum (Figure 2.3E), but seem to be able to adhere to pollen based
on the only sample for which we obtained pollen load (Figure 2.22C). In the southwestern end of the
range of S. coronata, Andranthobius bondari is replaced by another, probably undescribed, species of
Andranthobius (Figure 2.2C,Figure 2.4D). Andranthobius bondari has been reported in low abundance
in flowers of the coconut (Bondar 1940b), and also from Syagrus botryophora (Bondar 1940c). A
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F .: Anchylorhynchus trapezicollis Hustache. A Adult feeding on pollen.
Notice pollen adhered to the rostrum and legs. B Female laying an egg in a partially
open pistillate flower. Notice the leg on the stigma. C Adults mating and laying eggs
in a flower with barely exposed stigma. D Adult probing the base of a fully open
flower with the rostrum. Ventral setae on the prosternum likely touch the stigma in
this situation. E Embryo inside egg laid on the adaxial surface of a petal, during early

development of fruits. F First-instar larva.
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different species of Andranthobius is a pollinator of Acrocomia aculeata, a palm with protogynous
monoecious inflorescences (Scariot, Lleras, and Hay 1991).

F .: Andranthobius bondari (Hustache). A Males guard females and use
the spoon-shaped prosternal process in fights. B Adults mating on flower before
oviposition while female drills a hole at the base of the flower. C Female laying an egg
in an open staminate flower. D Adults feeding on pollen of recently open staminate
flower. E Female drilling hole at the base of open staminae flower. F Larva recovered

from decaying partially open staminate flower in the soil.

Coleoptera, Curculionidae: Celetes decolor Bondar (Figure 2.2F, Figure 2.9)

Bondar (1943b) described Celetes decolor from adults found in flowers of S. coronata. He reported
that larvae bore into the decaying spathe and floral branches after fruit dispersal. Here we observed
this species in moderate abundance during staminate anthesis and more rarely during pistillate an-
thesis (Figure 2.9A–B). Adults are active during day and night, but fly to inflorescences in larger
number around sunset. During the staminate phase, adults feed on pollen, mate and lay eggs in
rachilae (Figure 2.9B). Egg development, however, takes a long time. We reared larvae (Figure 2.9C)
from eggs found under scars in rachilae at the stage of large green fruits,Figure B.4). We have not
observed either larvae or adults on the spathe, and all larvae sequenced from galleries in the spathe
matched Celetes impar (Figure B.4). This species was found in several populations throughout the
distribution of S. coronata, commonly in staminate flowers and less so in the pistillate phase (Fig-
ure 2.4F). Ventral surfaces are covered by moderately dense prostrate simple setae (Figure 2.3G–H).
Based on the description of Hustache (1940), C. decolor might be a junior synonym of Celetes testaceus
(Hustache). This should be confirmed with a comparison of type specimens, and here opted to use
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Bondar’s name, since Bondar (1943b) provides a more informative description that clearly refers to
the same species we observed, as well as natural history information. Celetes testaceus is known from
Syagrus coronata and species of Attalea (Franz and Valente 2005).

F .: Celetes decolor Bondar. A Female on pistillate flower. B Female laying
egg in rachila during stamiante phase. C Scars in rachilae under which eggs of Celetes

decolor are found. D First instar larva.

Coleoptera, Curculionidae: Celetes impar Voss (Figure 2.2H, Figure 2.10)

Bondar (1940c) reported that Hoplorhinus unicolor Hustache, now considered a junior synonym of
C. impar, feeds as adults on pollen and the epidermis of rachilae, with larvae feeding internally on
the spathe and taking 3–4 months to develop. Here C. impar was frequent and abundant during
staminate anthesis but only rarely observed during pistillate anthesis. In the first few hours after
sunrise, adults move from inflorescence branches to the internal surface of the spathe, where they
mate and lay eggs (Figure 2.10A–B). During other times, adults rest among flowers. We have not
directly observed feeding. Larvae bore into the decaying spathe (Figure 2.10C–D), and are attacked
by parasitoids. This species was collected in staminate flowers of all populations sampled of Syagrus
coronata, often in high abundance (Figure 2.4H). In one population, it was also found in pistillate
flowers in low abundance. Ventral surface is punctuated in the prosternum and smooth otherwise,
covered by moderately dense simple hairs (Figure 2.3I–J). One secondary source reports C. impar

from Syagrus botryphora (Franz and Valente 2005), but we could not confirm this by searching the
primary reference (Bondar 1941a) and have also never found it in extensive sampling of Syagrus
botryophora (de Medeiros & Farrell, unpublished).

Coleoptera, Curculionidae: other species of Celetes Schoenherr

Celetes faldermanni (Boheman) (Figure 2.2G) and Celetes braga Bondar are two species of Celetes
formerly only known from other palms that were collected here. They were only found in a few
populations of Syagrus coronata, in higher abundance in the southern end of the range (Figure 2.4E,G).
In both cases, little is known about their biology. C. faldermanni is associated with Syagrus romanzof-

fiana and species of Attalea (Bondar 1941a; Franz and Valente 2005), while C. braga was collected
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F .: Celetes impar Voss. A-B Adults mating and laying eggs on the spathe
in the morning. c-D Larva inside galleries on the spathe.
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in a species referred by Bondar (1943b) as Attalea compta, but outside the known range of the
species (Lorenzi et al. 2010).

Coleoptera, Curculionidae: Dialomia polyphaga Bondar (Figure 2.2J, Figure 2.11)

Bondar (1940c, 1942) described Dialomia polyphaga from adults visiting inflorescences of Syagrus
coronata. They preferentially visit weak inflorescences in which the spathe fails to split entirely, lay
the eggs externally and larvae move between decaying flowers, feeding on them. The larval stage
lasts approximately one week, followed by pupation in the soil, which can take up to two months.
This species was found in most populations of Syagrus coronata, being more abundant in northern
populations. Only in one case, also in the north, it was also collected from pistillate flowers (Figure 2.4I).
We did not find any larvae. Adults were seen resting among staminate flowers (Figure 2.11) and in
one occasion walking in a pistillate inflorescence, but flying away without visiting flowers. Ventral
surfaces are smooth and covered by sparse scales (Figure 2.3M). Bondar (1940c) initially misidentified
this species as Dialomia discreta Casey, but later described Dialomia polyphaga (Bondar 1942) as
a new species. In the same publications, it was reported from Attalea funifera, Syagrus ruschiana,
Syagrus vagans and Cocos nucifera.

F .: Dialomia polyphaga Bondar. A Adult resting between staminate flowers.
B Adult collected from bagged staminate flowers.

Coleoptera, Curculionidae: Homalinotus coriaceus (Gylenhal) (Figure 2.12)

This large beetle is an important pest of the coconut and other palms, with larvae boring branches
of the inflorescence and impairing fruit development (Bondar 1940a; Giblin-Davis 2001). Here we
observed adults in pistillate anthesis only, feeding on pistillate flowers by perforating them from the
side at night (Figure 2.12). Neither the beetle or the visible damage that it causes were very abundant.
We did not collect this species in sites other than Serrinha, but it is known to be widespread in Brazil
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and this is likely a result of its nocturnal habits. We did not find any evidence for large galleries
in infructescences after fruit dispersal, so it is possible that this species does not normally breed on
Syagrus coronata. There were coconuts in the area of study in Serrinha, which might be the breeding
sites.

F .: Homalinotus coriaceus (Gylenhal). A Adult on pistillate flowers. B Adult
damage on closed pistillate flower. C Adult damage on open pistillate flower.

Coleoptera, Curculionidae: Hustachea bondari (Hustache) (Figure 2.2L)

Bondar (1940c) described the natural history of this species as Tonesia bondari Hustache. Adults
feed on pollen and the epidermis of inflorescences, perforating staminate flowers before anthesis for
oviposition. Larvae were very abundant and sterilized a great number of flowers, completing their
development in 5–6 days. Here Hustachea bondari was rare in Serrinha. We observed one individual
feeding on nectar in a pistillate flower and only a few were collected from staminate flowers. It is
occasionally found throughout the range of S. coronata, but only in the northernmost populations in
high numbers (Figure 2.4J). Being a rare species in Serrinha, we have not obtained additional natural
history information. Its life history seems very similar with that of Microstrates ypsilon, with which
it might compete for breeding sites. Hustachea bondari is specialzed on Syagrus coronata, with two
other species of Hustachea described from other species of Syagrus.

Coleoptera, Curculionidae: Microstrates ypsilonMarshall (Figure 2.2M, Figure 2.13)

According to Bondar (1940c), adults of M. ypsilon feed on pollen and perforate closed staminate
flowers to lay eggs. Larvae feed on anthers and pollen and complete their development in the soil
after flower abortion. From egg to adult, the duration of the life cycle is approximatelly 25 days.
Microstrates ypsilon was one of the most abundant weevils sampled in our study. A few individuals can
be found surrounding inflorescences up to a day before the spathe splits (Figure 2.13A), and together
with Mystrops debilis they are the first species to arrive in large numbers (Figure 2.13B). They are active
during the day and night, feeding on pollen of open staminate flowers (sometimes forcing opening with
the rostrum) and laying eggs in closed flowers as reported by Bondar (1940c) (Figure 2.13C,F–I). Only
one larva is found per flower. Larvae entirely consume stamens and flowers are aborted before opening,
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with pupation occurring still within the flower on the ground (Figure 2.13D–E). In spite of the very
high abundance in staminate flowers, they are nearly absent during the pistillate phase. Ventral surfaces
are densely covered by scales, which are short and branched in the prosternum (Figure 2.3N–O).
Microstrates ypsilon was collected in high abundance in staminate flowers of most populations of
Syagrus coronata, being absent or at low density in the eastern part of the range (Figure 2.4L). In one
of these eastern populations, we found a single individual morphologically similar to Microstrates

bondari (Figure 2.4K). Microstrates ypsilon is only reported from Syagrus coronata (Franz and Valente
2005).

F .: Microstrates ypsilon Marshall. A Individuals are attracted to flowers
even before opening of the spathe. B At the onset of the staminate phase, Microstrates
ypsilon is very abundant. C Oviposition scars in staminate flowers. D Larva in
staminate flower still attached to the inflorescence. E Pupa in closed aborted staminate
flower. F Adult using rostrum to open staminate flower and feed on pollen. G Adults
feeding on pollen of open staminate flower. H Female perforating staminate flower

while guarded by male. I Same female laying egg in staminate flower.

Coleoptera, Curculionidae: Odontoderes transversalis (Pascoe) (Figure 2.2O, Figure 2.14)

Bondar (1945) found adults of Odontoderes transversalis (then Solenopus transversalis) visiting flowers
of Syagrus coronata, with larvae boring into leaf petioles. In Serrinha, they were not very abundant,
but were frequent visitors during staminate phase and also more rarely during pistillate anthesis. They
feed on pollen, sometimes forcing staminate flowers to open with the rostrum (Figure 2.14). This
species was more active after sunset, resting between staminate flowers during the day. Adults fight and
mate on flowers (Figure 2.14), but we did not observe oviposition. Ventral surfaces are densely covered
by erect and prostrate setae, with a large number of pollen grains trapped between them (Figure 2.3R).



Chapter 2. Interactions between the licuri palm (Syagrus coronata) and its flower visitors 56

Accordingly,this large beetle was among those with highest pollen load (Figure 2.22C). We only
collected O. transversalis in the in the northern half of the distribution of Syagrus coronata.

F .: Odontoderes transversalis (Pascoe). A Adult feeding on pollen. B Adults
mating and males fighting on stiminate flowers.

Coleoptera, Curculionidae: Phytotribus platyrhinusHustache (Figure 2.2R, Figure 2.15)

Bondar (1940c) reported that adults of P. platyrhinus feed on pollen and the epidermis of branches
and the spathe, with larvae feeding internally on the spathe with a life cycle of 3–4 months. Here we
did not find any evidence that this species bores into the spathe as larvae. All COI sequences of larvae
within the spathe matched Celetes impar, and the only larvae matching P. platyrhinus were boring in
the main axis of decaying infructescence after fruit dispersal (Figure B.4). We observed oviposition in
the peduncle during staminate anthesis (Figure 2.15D). Even though oviposition scars and eggs can
be found earlier (Figure 2.15E), we only observed larvae after fruit dispersal (Figure 2.15F). Adults
are very slow moving, and can be found during staminate anthesis feeding on pollen (Figure 2.15A).
We have also seen one individual feeding on the surface of a petal of a staminate flower. During the
non-flowering phase and the development of young fruits they have a similar abundance, usually
resting near the base of the inflorescence. During pistillate anthesis, adults are often found resting in
pistillate flowers (Figure 2.15B–C). Ventral surfaces are covered by sparse simple setae and scales (Fig-
ure 2.3V–W), and individuals presented a bimodal pattern of pollen load, either very low or very
high (Figure 2.22C). Phytotribus platyrhinus was collected at moderate abundances in most popula-
tions of Syagrus coronata, being the second most common weevil in pistillate flowers (Figure 2.4N).
This species is only known from Syagrus coronata (Franz and Valente 2005).
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F .: Phytotribus platyrhinus Hustache. A Adult on staminate flowers.
B-C Adult resting in pistillate flower. D Female laying eggs in peduncle. E Scars on

rachis left by oviposition of P. platyrhinus. F Larva under scar.

Coleoptera, Curculionidae: Remertus rectinasus (Hustache) (Figure 2.2S, Figure 2.16)

Bondar (1940c, 1943b) reported this species (then Orthomadarus rectinasus) as a seed predator.
Females lay eggs in very young fruits, causing their abortion. Here we confirmed this finding. The only
larva with COI sequences matching Remertus rectinasus was collected from a young slightly deformed
fruit (Figure B.4, Figure 2.16B–C). This species is also a visitor of staminate flowers (Figure 2.16A),
but in low abundances and we were not able to observe the behavior of any individual. It has a
low population density throughout the distribution of Syagrus coronata, collected only in staminate
flowers in about half of the populations sampled (Figure 2.4O). Ventral surfaces are smooth, covered
by prostrate scales denser on the sides (Figure 2.3X). This species seems to be specialized on Syagrus

coronata.

Coleoptera, Nitidulidae: Mystrops debilis Erichson (Figure 2.2N, Figure 2.17)

Bondar (1940b) described the natural history of Mystrops debilis in Syagrus coronata. Adults are
abundant in staminate flowers, laying eggs in closed flowers. Larvae feed on anthers and pollen
and pupate in soil. Development is quick, with larval and pupal stages lasting 9–12 days Bondar
(1940b). Mystrops debilis was one of the most abundant species in staminate flowers in Serrinha, but
a rare visitor of pistillate flowers. Together with Microstrates ypsilon, it is one of the first species to
achieve high abundance after the spathe splits, feeding on pollen as flowers open (Figure 2.17A). Males
seem to be territorial, standing on top of closed staminate flowers and fighting other approaching
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F .: Remertus rectinasus (Hustache). A Adult from staminate flowers.
B Young fruit attacked by larva. C Larva inside fruit. It was located at the gallery at

the base of fruit.

males. Females insert their ovipositor between petals of closed flowers to lay eggs shortly after
mating (Figure 2.17B). Unlike M. ypsilon, more than one larva can develop in a flower, and infested
flowers can open before anthers are entirely consumed. Larvae are mobile and able to move to other
open flowers (Figure 2.17C–D). Ventral vestiture is composed of dense simple setae (Figure 2.3P–Q).
Species of Mystrops are pollinators of beetle-specialized palms in the genera Acrocomia (Scariot, Lleras,
and Hay 1991), Attalea (Anderson, Overal, and Henderson 1988; Fava, Covre, and Sigrist 2011;
Küchmeister, Gottsberger, and Silberbauer-Gottsberger 1993; Núñez-Avellaneda, Bernal, and Knudsen
2005) and Wettinia (Núñez-Avellaneda, Bernal, and Knudsen 2005; Restrepo Correa et al. 2016).
Mystrops debilis has been reported from species of Attalea (Kirejtshuk and Couturier 2010).

Coleoptera, Zopheridae: Bitoma palmarum Bondar (Figure 2.2E)

Bondar (1940c) described Bitoma palmarum and reported adults feeding on sap from scars in fruits
of Attalea funifera and Syagrus coronata. In Butia paraguayensis and Syagrus loefgrenii, Silberbauer-
Gottsberger, Vanin, and Gottsberger (2013) found this species as visitors of staminate flowers. In the
latter study, they observed adults laying eggs in the tissues of closed inflorescence buds, with larvae
boring into spathe tissue. Here Bitoma palmarum was more commonly sampled in the staminate
phase. We have not observed individuals in inflorescence buds, and neither larvae within the spathe.
The only larva with COI barcode matching an adult of Bitoma palmarum was found freely moving
between branches of a bagged inflorescence in the pistillate phase. Ventral surfaces are covered by
simple setae often encrusted with debris (Figure 2.3F).

Hymenoptera: Apidae (Figure 2.2K,Q,T–U, Figure 2.18)

In Serrinha, we observed the introduced Apis mellifera L. and four genera of native meliponine bees
visiting staminate flowers of Syagrus coronata: Frieseomelitta (Figure 2.2K), Paratrigona (Figure 2.2Q),
Trigona (Figure 2.2T) and Trigonisca (Figure 2.2U). The identity of species could not be ascertained
with COI barcodes, which matched inespecifically to South American Meliponinae. Only Trigona
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F .: Mystrops debilis Erichson. A Adults feeding on pollen in staminate
flowers. B Female inserting eggs into closed staminate flower. C Late-instar larva

inside aborted staminate flower. D Detail of larva.
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sp. was an abundant and frequent visitor of pistillate flowers. It was also commonly observed in
ripe fruits, feeding on the sweet exudate from exposed parts of the mesocarp (Figure 2.18F). Trigona
sp. and Apis mellifera started visiting flowers right after sunrise and activity lasted until sunset.
When visiting staminate flowers, bees collected pollen (Figure 2.18A–B). In pistillate flowers, they
were less abundant and individuals of Trigona sp. usually clustered on a few of the branches of
inflorescences (Figure 2.18C). In some cases, we observed them in branches apparently collecting
wax (Figure 2.18D). When searching for nectar, bees touched exposed stigmas (Figure 2.18E). Bees
visiting pistillate flowers typically have a moderately high pollen load (Figure 2.22C). We have not
quantified bees throughout the distribution of Syagrus coronata, but Trigona spp. were commonly
observed in multiple localities.

F .: Trigona sp. A Trigona bees are abundant visitors of staminate flowers.
B Bee collecting pollen from stamiante flower. C In pistillate flowers, bees are less
abundant and are usually clustered in one branch. D In a few cases, they were
observed in apex of branches, possibly collecting wax. E Bee touching partially
exposed stigma with its glossa. F Trigona sp. also visit mature fruits to collect juices

from the mesocarp.

Hymenoptera: Formicidae (Figure 2.19)

Ants were commonly observed in inflorescences during all flowering phases (Figure 2.19). In the
pistillate phase, they probed pistillate flowers apparently searching nectar (Figure 2.19C). They were
abundant both during daytime and nighttime, and especially abundant in one inflorescence infested
by scale insects, which they tended (Figure 2.19B). Pollen load is highly variable, but some individuals
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do visit pistillate flowers while carrying large amounts of pollen (Figure 2.22C). During pistillate
phase, we observed ants attacking other insects when encountering them.

F .: Formicidae on flowers of Syagrus. A Ants are common visitors to
staminate flowers. B Ants tending scale insects attacking pistillate flowers. C Ant

touching stigma of pistillate flower while searching for nectar.

Lepidoptera (Figure 2.20)

We only observed moths visiting pistillate flowers when aspirated directly from flowers, but at low
frequency. They belong to at least two species, which we tentatively identified as Batrachedra nuciferae
Hodges and Atheloca bondari (Heinrich). Ultrasound cleaning used to extract pollen often damages
specimens and their DNA, rendering identification difficult. Larvae of Batrachedra spp. feed on
pollen and staminate flowers of several species of palms (Bondar 1940b; Cock 2013; Cock and Burris
2013), and it is contentious whether they also feed on pistillate flowers (Cock and Burris 2013). Here
we found larvae with morphology similar to Batrachedra nuciferae (Figure 2.20) and COI barcode
matching to Batrachedra sp. feeding on the petals of pistillate flowers. We did not identify any damage
to the gynoecium. We did not find any larva of Atheloca bondari, which damages both pistillate
and staminate flowers (Bondar 1940b; Cock and Burris 2013). Both species have large geographical
distribution and host ranges throughout South America and the Caribbean (Cock 2013).

2.3.3 Visitation frequency

We collected a total of 55 morphospecies of insects by bagging or aspirating flowers in Serrinha,
excluding ants and spiders. Bagging data shows that only 16 of these species were ever found in both
staminate and pistillate flowers, with most species visiting exclusively staminate flowers and fewer
being infrequent visitors to pistillate flowers only (Figure 2.21). All species frequently bagged in
pistillate flowers are more abundant in staminate flowers, suggesting that this phase is generally more
attractive to insects (Figure 2.21). When looking at individual species of insects, Anchylorhynchus
trapezicollis was the most frequent visitor to pistillate flowers (Figure 2.22A). It was collected in all
inflorescences in pistillate anthesis during the night and half of those during the day (Figure 2.22A).
During staminate anthesis, it was present in all inflorescences, but in this case more abundant during
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F .: Larva of Batrachedra nuciferae Hodges feeding on internal surface of
petal of pistillate flower.

the day. Other beetles often bagged in pistillate and staminate flowers include Bitoma palmarum

and Phytotribus platyrhinus (Figure 2.22A). The most abundant beetles in staminate flowers, with
hundreds or thousands of individuals, were infrequent visitors of pistillate inflorescences: Microstrates

ypsilon, Celetes impar and Mystrops debilis (Figure 2.22A). Among bees, only active during the day,
Trigona sp. was present in 3 of the 4 inflorescences sampled in the pistillate phase, and all of those in
staminate phase (Figure 2.22A).

The 123 specimens collected by aspiration directly at pistillate flowers show a somewhat different
pattern (Figure 2.22B). While Anchylorhynchus trapezicollis and Trigona sp. are also among the most
abundant, Bitoma palmarum was never observed. Pachymerus thoracicus, on the other hand, was rarely
collected by bagging but it is one of the most frequent species in pistillate flowers at night. Moths
were also only observed by direct aspiration, even though at low frequency.

2.3.4 Pollen load

We were able to extract and count pollen from 110 insect individuals, including all of the most
frequent species. Most species carry moderate to large amounts of pollen in their bodies, including
those rarely observed at pistillate flowers (Figure 2.22C). Since visitation frequencies from bagging
whole inflorescences and from aspirating insects directly from flowers were not always in agreement, we
have calculated pollinator importance by using both frequencies. Both criteria provided different results,
but only seven species have a relative importance higher than 0.05 in at least one of them (Table 2.2).

2.4 Discussion

2.4.1 Flowering biology

Our observations on flowering biology broadly agree with that available in the literature. Bondar
(1938) stated that plants produce about 6 inflorescences per year, and we found up to 8 active
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F .: General pattern of visitation to flowers as observed from bagged inflo-
rescences visualized as a bipartite network. Each unlabeled node corresponds to an
insect morphospecies (except for ants and spiders, which are pooled). Links connect
insects to flowering phases in which at least one individual was collected. Frequency,
represented by color, is the proportion of collections in which a species was found.
Mean abundance is the average number of individuals of a species, including col-
lections in which it was absent. The only species with 100% frequency in pistillate

flowers (at night) is Anchylorhynchus trapezicollis.

reproductive structures per plant. The duration of non-flowering interval was somewhat smaller
here (5–8 days) than the 10 day reported by Rocha (2009), but coexistence of active pistillate and
staminate flowers in a single plant was still a rare event. Fruit set of flowers exposed to pollinators
was on average 60%, higher than both Rocha (2009) (40%) and Barbosa (2016) (15%). However,
we did observe a large variation, encompassing the higher previous figure. It is also possible that
previous estimates include abortion caused by the action of larvae of Anchylorhynchus trapezicollis,
which might not be the case here since fruits were counted only a few days after pistillate anthesis. In
general, our results support the idea that S. coronata is dichogamous and pollinated by insects, with
abortion of a large share of flowers. Opening of pistillate flowers is protracted throughout more than
one day, without a clear hourly pattern. This contrasts with many palms pollinated exclusively by
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F .: Counts of visitors of flowers of Syagrus coronata in Serrinha. All
arthropods were ideitified to morphospecies with exception of ants and spiders.
A Insects collected from bagged inflorescences. B Insects aspirated directly from
pistillate flowers. C Pollen grains extracted from insects captured directly at pistillate
flowers. Only morphospecies collected in at least 2 of the 14 bagged inflorescences
are shown in A, while all insects with data are shown in B–C. A small random jitter

was added to points to improve visualization.
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T .: Pollinator assessment based on frequency and pollen load. Pollinator
Importance Value Index (PIVI) and relative importance (RI) were altenatively calcu-
lated from frequencies obtained by counting insects from bagged inflorescences or
counting all insects aspirated directly at pistillate flowers. Only species with RI larger

than 0.05 in at least one criterion are shown.

Bagged Aspirated

Morphospecies Median
pollen load

Mean
abundance PIVI RI Frequency PIVI RI

Pac. thoracicus 173.0 0.4 64.9 0.02 19 3287.0 0.22
O. transversalis 410.0 0.0 0.0 0.00 7 2870.0 0.19
A. trapezicollis 109.0 7.9 858.4 0.31 26 2834.0 0.19
D. florianoi 440.5 1.4 605.7 0.22 4 1762.0 0.12
Trigona sp. 65.0 1.4 89.4 0.03 17 1105.0 0.07
Ants 53.0 12.0 636.0 0.23 18 954.0 0.06
Phy. platyrhinus 65.0 6.0 390.0 0.14 8 520.0 0.03

beetles, in which a clear pattern of diurnal or nocturnal anthesis is observed (Anderson, Overal, and
Henderson 1988; Fava, Covre, and Sigrist 2011; Henderson et al. 2000; Küchmeister, Gottsberger,
and Silberbauer-Gottsberger 1993; Listabarth 1994; Listabarth 1996; Núñez-Avellaneda, Bernal, and
Knudsen 2005; Restrepo Correa et al. 2016; Scariot, Lleras, and Hay 1991; Silberbauer-Gottsberger
et al. 2001).

2.4.2 Positive effects of flower visitors

Similarly to other palm genera pollinated by beetles and bees, flowers of Syagrus coronata are visited
by a diverse community of insects. Combining information from behavior, morphology, visitation
and pollen load, it is evident that only a small subset of the flower visitors are important pollinators.
Among beetles, the weevil Anchylorhynchus trapezicollis is the most frequently bagged insect in pistillate
flowers in Serrinha and across the range of S. coronata, and also the most frequently observed directly
at pistillate flowers. It is active both during the day and the night, being more abundant in pistillate
flowers during the night time and in staminate flowers during the day time. When active in pistillate
inflorescences, adults move quickly throughout branches searching for oviposition sites. Pistillate
flowers themselves are rewards for this species, which develops in the growing fruit and therefore also
depends on pollination. Species of Anchylorhynchus exhibit oviposition behaviors that are unusual for
weevils. Almost all weevils with long rostrum perforate plant tissues to lay eggs internally (Oberprieler,
Marvaldi, and Anderson 2007), but females of Anchylorhynchus use their flattened ovipositor to lay
eggs externally between petals of pistillate flowers. Also unusual in Anchylorhynchus are the plumose
setae on the prosternum and sides of meso- and mestasternum. These were previously found only in
the unrelated Derelomini weevil genera Eisingius and Araucarietius, visitors of Araucaria cones (Franz
2006). It remains to be shown whether this kind of setae, resembling plumose setae of bees (Thorp
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1979), has a similar function of pollen carrying in these beetles. Observed pollen load suggests this is
unlikely, since beetles with very dense simple hairs (Demotispa florianoi, Odontoderes transversalis,
Pachymerus thoracicus) typically had higher pollen loads. After oviposition, females have a stereotypical
behavior of rubbing against pistillate flowers. Its function is unclear, but we suggest it could function
either as a signal or to increase pollen deposition. First-instar larvae have a morphology similar to those
of Anchylorhynchus eriospathae Bondar, in which falcate mandibles are used to kill conspecifics such
that only one larva survives and enters the fruit (de Medeiros, Bená, and Vanin 2014). Anchylorhynchus
trapezicollis is a brood pollinator locally specialized on Syagrus coronata, consuming seeds as larvae.

While Anchylorhynchus depends exclusively on Syagrus coronata, the dependence is not reciprocal.
Other species are also likely important pollinators. This includes another seed predator beetle,
Pachymerus thoracicus. Adults of Pachymerus thoracicus feed on pollen and have large pollen loads.
During the pistillate phase, they are attracted to inflorescences, probing flowers for nectar and rapidly
flying away. Pistillate flowers are not oviposition sites for this species. Even though we show here
that it can lay eggs in pre-dispersal fruits, we only found larvae in large green fruits, months after
pollination. Another common beetle on pistillate flowers is Phytotribus platyrhinus. This species,
however, is probably not an effective pollinator. These are slow-moving beetles, which can be found
resting in inflorescences and infructescences of several stages, and are rarely observed flying into
inflorescences. It is very likely that they do not move frequently between plants. They are also small
and can rest between sepals and petals without touching stigmas. Their oviposition sites, in the main
axis of inflorescence, are distant from pistillate flowers in the rachis. In Serrinha, Demotispa florianoi

and Odontoderes were two other beetles with large relative importance, given the large pollen loads
they carry despite their relatively small frequency. Other beetles may additionally be minor pollinators
depending on their population density. Celetes decolor was found in some pistillate inflorescences
across the range of S. coronata, but had a low population density in Serrinha.

In addition to beetles, bees are also pollinators of S. coronata. Bees had moderate pollen loads
while visiting pistillate flowers, and Trigona sp. was a frequent visitor to pistillate and staminate flowers
during the day time. While they did not seem to explore pistillate inflorescences as thoroughly as beetles,
they were observed probing flowers and touching stigmas with their legs and mouthparts. Paratrigona
sp. and Apis mellifera had a similar behavior, but at lower frequency. Ants visit both staminate and
pistillate flowers. While unable to fly between palm individuals, they could account for some degree of
self-pollination given that they can sometimes carry large amounts of pollen Table 2.2. Moreover, they
potentially have indirect negative effects on pollination, attacking other flower visitors and disrupting
their visits to pistillate flowers. As previously found for other species of Syagrus (Guerrero-Olaya and
Núñez-Avellaneda 2017; Núñez-Avellaneda 2014; Núñez-Avellaneda and Carreño 2017; Silberbauer-
Gottsberger, Vanin, and Gottsberger 2013), S. coronata is pollinated mainly by specialized beetles and
in generalist bees.
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2.4.3 Negative effects of flower visitors

All common bees and beetles visiting staminate flowers feed on pollen, having potentially negative
effects on plant male fitness. As larvae, beetles are specialized consumers of certain plant parts. In
general, we have observed a smaller overlap in larval breeding sites than previously reported in the
literature, with only one abundant species feeding in each tissue. Some of them have potentially large
effects on the host plant. Microstrates ypsilon, Hustachea bondari and Mystrops debilis sterilize male
flowers. Demotispa florianoi damages the surface of inflorescences (although in a very small degree for
the population densities we encountered) and Homalinotus coriaceus completely destroys pistillate
flowers as adults, possibly also damaging inflorescences as larvae as reported for the coconut (Bondar
1940a; Giblin-Davis 2001). Other insects, however, feed on decaying plant parts or parts not directly
involved in pollination. The moth Batrachedra nuciferae was only found feeding on sepals of pistillate
flowers, starting at the end of the anthesis, a more benign behavior than reported in other hosts.
Andranthobius bondari, differently from previous reports (Bondar 1940b), only feeds on decaying
male flowers. Even though Celetes impar, Celetes decolor and Phytotribus platyrhinus lay eggs on floral
branches and the spathe during anthesis, their eggs only hatch much later, after or around the time of
fruit dispersal. It is not clear whether eggs respond to plant physiology or the developmental rate is
slow regardless of plant signals, but they are clearly synchronized to plant development. This is similar
to what was observed with other derelomine weevils in Chamaerops palms, in which eggs are laid in
live branches but only develop as they wither (Dufay and Anstett 2004). Finally, some beetles feed
on female reproductive structures. In addition to the pollinators Anchylorhynchus trapezicollis, the
weevil Remertus rectinasus lays eggs on developing fruits, killing seeds and also possibly competing
with the pollinator. The latter, however, is much less abundant throughout the distribution of Syagrus
coronata.

2.4.4 Net effect of interactions and control of mutualism

Establishing exactly where interactions lie along the mutualism-antagonism spectrum requires quan-
tification of the fitness effects on the species involved. While this still needs to be accomplished in
this system, we have reduced the list of potential pollinators, and future studies could experimentally
exclude some of the flower visitors to quantify effectiveness. We expect that net-effects on plant
fitness will be context-dependent, as many other mutualisms (Chamberlain, Bronstein, and Rudgers
2014; Hoeksema and Bruna 2015), and a better understanding seasonal and spatial fluctuations in
pollinator availability could provide insights into the benefits of brood pollinators when other options
are available.

In addition to the diversity of pollinators, Syagrus has some differences from other plants with
brood pollination systems. One of the most important is that each flower produces a single seed.
Therefore, repeated oviposition and pollination events in a flower do not increase the benefit either
for the plant or the beetle. When repeated visits increase larval population but not pollination
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effectiveness, random or selective abortion is predicted to effectively control population of an exclusive
pollinator (Holland, Bronstein, and DeAngelis 2004; Holland and DeAngelis 2001). Moreover,
production of excess flowers with random or selective abortion can also control non-pollinator pre-
dispersal seed predators (Ezoe 2017, 2018), so it could be effective in the case of Anchylorhynchus as
well. These models generally assume that abortion results in larval mortality, but its effect might be
more subtle for Anchylorhynchus. Larvae are able to complete their development in aborted fruits, but
adult size is correlated with fruit size at abortion (de Medeiros, Bená, and Vanin 2014). Abortion has a
similar effect in Silene latifolia Poir., which is non-exclusively pollinated by the seed predator Hadena

bicruris Hufnagel (Burkhardt, Delph, and Bernasconi 2009). Abortion cannot control, however,
populations of post-dispersal seed predators such as Pachymerus thoracicus (Ezoe 2018). Fruits of
Syagrus coronata are currently dispersed mostly by introduced ungulates (Bondar 1938; Rocha 2009),
and it is possible that the large quantity of fruits under plants available for P. thoracicus is relatively
recent, being a consequence of the extinction of the Neotropical megafauna (Janzen and Martin 1982).

2.5 Conclusion

By combining a literature review and new observations, we have thoroughly documented the natural
history of several species of flower visitors of Syagrus coronata, for many of them across the geographical
range of the host plant. Many of these insects are either parasites feeding on live flowers and fruits
or commensals feeding on decaying plant parts, with main pollinators consisting of generalist bees
and a few species of specialized beetles. Notably, the two beetle species most likely to contribute to
pollen transfer based on their abundance and behavior also depend on pollination for creation of
their larval breeding sites: maturing fruits for Anchylorhynchus trapezicollis and post-dispersal fruits
for Pachymerus thoracicus. This mode of pollination, with insect species related to those studied
here, are ubiquitous in Syagrus and other palms, exhibiting a diversity of contexts: large plants in
highly seasonal environments such as Syagrus coronata, small acaulescent palms producing only a
small number of fruits per inflorescence as in Syagrus loefgrenii (Silberbauer-Gottsberger, Vanin, and
Gottsberger 2013), and evergreen forest species visited by Anchylorhynchus and bees, such as Syagrus
orinocensis (Spruce) Burret (Núñez-Avellaneda and Carreño 2017). The diversity of these palms and
the insects with which they interact are an overlooked resource with potential to provide a novel and
rich system for studies into origin and maintenance of mutualisms.



69

Chapter 3

Isolation by distance and introgression in

the licuri palm (Syagrus coronata)

Note: Supplemental materials included in Appendix C.

3.1 Introduction

Seasonally dry tropical forests occupy about 14% of the area of South America (Jaramillo and Cárdenas
2013), with the region known as Caatinga being the largest contiguous area in which this vegetation
is dominant (Dexter et al. 2018; Dexter and Pullan 2016; Werneck 2011). It has a highly distinct
flora among dry forests (Dexter and Pullan 2016; Werneck 2011), but it is relatively overlooked by
authorities and biologists, with only about 1% of the area legally protected (Dexter and Pullan 2016;
Leal et al. 2005). The major correlate of floristic variation within the Caatinga is aridity, which is
also associated with floristic turnover in the transition to other biomes (Silva and Souza 2018; Terra
et al. 2018). Even though it is clearly recognizable, there is very little consensus regarding the origin
of this ecosystem and the history of past connections to other dry forests (Jaramillo and Cárdenas
2013; Mogni, Oakley, and Prado 2015). For more recent history, there is also disagreement about
the effect of climatic cycles. While some modelling studies have found that the Caatinga remained
stable during glacial cycles (Arruda et al. 2018; Werneck et al. 2011), others have predicted very high
instability (Costa et al. 2017), and in general the role of climate and soils in the transition between
dry and wet forests needs to be better understood (Dexter et al. 2018).

In addition to variation in climate models based on biome-level distribution data, it has been
shown that species co-distributed in seasonally dry tropical forests also have vary in their climatic
niches (Collevatti et al. 2013). A better account of the history of the Caatinga, therefore, might come
from individual histories of its organisms, which might be only partially congruent with each other.
Studies on phylogeography have typically found much deeper genetic structure than what would be
expected by climatic cycles alone. In widespread lizards and plants occurring in the Caatinga dry
forest and neighboring savannas in the Cerrado, there is deep genetic structure corresponding to
the limits between biomes, suggesting long-term occupation of the Caatinga (Caetano et al. 2008;
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Fonseca et al. 2018). In other species, including lizards, spiders and termites, deep genetic structure
was also found, but clusters were shared between biomes (Magalhaes et al. 2014; Santos et al. 2017;
Werneck et al. 2012). Whenever studies were able to translate genetic divergences into absolute time,
divergence between clusters preceded the Pleistocene (Fonseca et al. 2018; Magalhaes et al. 2014;
Werneck et al. 2012). Between populations within the seasonally dry tropical forests, patterns range
from isolation by distance in trees (Caetano et al. 2008) and bees (Miranda et al. 2016) to distinct
clusters in lizards (Thomé et al. 2016; Werneck et al. 2012) and in figs and orchids associated with
rock outcrops (Pinheiro et al. 2014; Vieira et al. 2015). In a few cases, there is evidence for recent
bottlenecks or population expansions in the southern limits of the Caatinga (Thomé et al. 2016;
Vieira et al. 2015), while in others the same area seems to be stable(Miranda et al. 2016). As a whole,
phylogeography suggest that clades in the Caatinga are older than quaternary climatic fluctuations,
with more recent history varying between taxa.

Here we study the genetic diversity of an iconic species of the Caatinga: the licuri palm Syagrus

coronata (Mart.) Becc. This species is endemic to the Caatinga (Noblick 2017), widely used by local
populations for food, wax and fibers (Bondar 1938; de Andrade et al. 2015; Drumond 2007; Isaza,
Bernal, and Howard 2013; Ramalho 2006; Rufino et al. 2008; SDAC 2012) and one of the main
food sources of the endangered Lear’s Macaw (BirdLife International 2017; de Andrade et al. 2015;
Sick, Gonzaga, and Teixeira 1986). Despite being endemic to this highly seasonal environment, it
is a nondeciduous plant that flowers throughout the year, even though populations differ in their
flowering peaks (Drumond 2007; Noblick 2017; SDAC 2012). They are pollinated by specialized
beetles and generalist bees, with the main beetle pollinators also being seed predators (Chapter 2). It
is one of the species of Syagrus with most inter-specific hybrids documented (Noblick 2017), but the
degree to which hybridization results in genetic introgression is currently unknown. Perhaps because
of its cultural importance, there are governmental guidelines for management of populations (de
Carvalho, Ferreira, and Alves 2015; SDAC 2012), even though there are still many uncertainties
about the evolutionary history and ecology of this species. Genetic resources are starting to be
developed (Áquila et al. 2018; Simplicio, Pereira, and Waldschmidt 2017), but no large-scale analysis
of the phylogeography of Syagrus coronata has been done until now. Here we use double-digest
RAD-seq (Peterson et al. 2012) to characterize (1) the genome-wide genetic divergence between
populations of S. coronata, (2) the degree to which this divergence is structured by geography and
climate, and (3) the level of introgression from sympatric and parapatric species of Syagrus.

3.2 Materials and Methods

3.2.1 Sampling

We sampled 48 individuals from 12 populations of Syagrus coronata throughout its range in northeast-
ern Brazil (Figure 3.1). This includes a newly discovered population south of the Jequitinhonha river,
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which was previously thought to limit the distribution to the south (Noblick 2017), but not the few
disjunct populations to the North of the São Francisco river in western Pernambuco (Noblick 2017).
We have also sampled one population each from the closely related species Syagrus kellyana, allopatric
to the south, and Syagrus cearensis, parapatric to the north (Noblick 2017) (Figure 3.1). These
three species are inferred to have a most recent common ancestor about 5 million years ago (Meerow
et al. 2009, 2015). Finally, we include two populations each for Syagrus botryophora and Syagrus

vagans (Figure 3.1). The former is a parapatric species endemic to the coastal tropical evergreen forest,
while the latter is broadly sympatric with Syagrus coronata throughout the Caatinga (Noblick 2017).
In each case, we sampled one population close to the northern limit of the range and another at
the southern limit. Syagrus vagans has never been included in a phylogeny, but Syagrus botryophora
diverges from the licuri at the base of the phylogeny of Syagrus, around 20 million years ago (Meerow
et al. 2009, 2015). Except for Syagrus vagans, all species are visited by species of Anchylorhynchus,
a specialized weevil pollinator of Syagrus. Taxonomic and phylogenetic work on pollinators of S.
cearensis and S. kellyana is ongoing, but they are morphologically very similar to Anchylorhynchus

trapezicollis, a pollinator species associated both with S. botryophora and S. coronata. Phenology of all
species included here needs to be better studied, but in general these species seem to flower yearlong,
with peaks in different parts of the year for different populations (Noblick 2017). A summary of
relevant traits of each species is available in Table 3.1.

T .: Species of Syagrus included in addition to Syagrus coronata. MRCA,
hybrids and geography in relation to the S. coronata. Information on MRCA from
Meerow et al. (2015) and on hybrids and geography from Noblick (2017). Informa-
tion on pollinators from de Medeiros (2011) and Vaurie (1954) and de Medeiros &

Farrell, unpublished.

Species MRCA Hybrid Geography Visited by Anchylorhynchus

Syagrus botryophora 20.0 Ma Syagrus× lacerdamourae Parapatric Yes
Syagrus cearensis 5.3 Ma Syagrus× costae Parapatric Yes
Syagrus kellyana 2.6 Ma Unknown Allopatric Yes
Syagrus vagans Unknown Syagrus×matafome Sympatric No

3.2.2 DNA extraction and library preparation

We extracted DNA from dried leaf tissues using the E.Z.N.A. HP Plant DNA Mini Kit (Omega Biotek)
following the manufacturer protocol. Double-digest RAD-seq libraries (Peterson et al. 2012) were
prepared from 300–1000 ng of DNA using the enzymes BfaI and EcoRI as described in de Medeiros
and Farrell (2018), but without whole-genome amplification. Barcoded libraries were sequenced on
Illumina systems, spread throughout several runs and pooled with unrelated indexed libraries. The
minimum sequence length was single-end 100 bp, and all sequences were trimmed to this length prior
to assembly.
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F .: Samples included in this study. Dashed lines enclose the range of each
species after Noblick (2017) and this study. Syagrus kellyana is only known from

the type locality.

3.2.3 Dataset assembly

Sequences were demultiplexed by inline barcodes and assembled using ipyrad v. 0.7.24 (Eaton 2014;
Eaton and Overcast 2017). Sequences were assembled either by mapping to the draft genome assembly
of the coconut (Cocos nucifera) (Xiao et al. 2017) or de novo for unmapped reads, using the ipyrad
option denovo+reference. The coconut is a close relative of Syagrus (Meerow et al. 2015; Noblick
2017), with divergence between these genera estimated to 27.6 million years ago. No mismatches
were allowed in barcodes during demultiplexing, and bases with a quality score lower than 20 or
containing adapters were trimmed from the 3’ end. After trimming, reads with less than 35 bp or
with five or more low-quality bases were removed. Reads were clustered within and between samples
at 85% identity, and only loci with coverage ≥ 12 in a sample were retained for statistical base calling.
Initially, we retained all samples and all loci present in at least four samples and we used Matrix
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Condenser (de Medeiros 2018; de Medeiros and Farrell 2018) to visualize patterns of missing data.
We then removed a few samples with excessive missing data and, for most analyses, retained only
loci present in at least 85% of the samples. The only exception were analyses of introgression using
Patterson’s D statistics (see below), in which case we included all sites present in the four or five taxa
in each comparison.

3.2.4 Population structure

We used ipyrad to extract one SNP per locus retained in the final dataset. We used SNPs to calculate
the expected heterozygosity for each sampling locality and to identify genetic clusters by k-means of
principal components (Jombart, Devillard, and Balloux 2010; Lee, Abdool, and Huang 2009; Liu and
Zhao 2006). We included all populations of the close relatives S. coronata, S. kellyana and S. cearensis

while identifying clusters. The number of clusters was chosen by minimizing the Bayesian Information
Criterion (BIC) and we used Discriminant Analysis of Principal Components (DAPC) to characterize
clusters (Jombart, Devillard, and Balloux 2010). The number of principal components retained for
DAPC was chosen by cross validation (Jombart, Devillard, and Balloux 2010). All analyses were done
using the R package adegenet v.2.1.1 (Jombart 2008; Jombart and Ahmed 2011).

3.2.5 Isolation by distance and environment

We used BEDASSLE (Bradburd, Ralph, and Coop 2013) to simultaneously model the effects of
geographical distance and environmental distance on isolation of populations of Syagrus coronata. We
excluded from this analysis samples phenotypically identified as S. coronata that clustered with other
species in DAPC. For the remaining samples, we fitted a BEDASSLE model including geographical
distances and climatic distances as predictors, and counts of biallelic SNPs as response. Geographical
distances were calculated as geodesic distances between average coordinates for each population in the
R package sf v.0.6-3 (Pebesma 2018). For climatic distances, we downloaded and extracted bioclimatic
variables from Worldclim v. 2.0 (Fick and Hijmans 2017) for the average localities of each population
using the R package raster v.6-7 (Hijmans 2017). We used a principal component analysis to identify
that among our sampled localities only precipitation-related variables had appreciable variation, with
annual precipitation (BIO 12) having the largest load on PC1 and precipitation of the warmest
quarter on PC2 (BIO 18). These two components explained over 90% of the variation in bioclimatic
variables. For that reason, we used Euclidean distances in annual precipitation and in precipitation
of the warmest quarter as independent environmental distance matrices in the analysis. We rescaled
all distance matrices by dividing each one by the mean distance across all populations. We ran ten
independent Markov chains for 20 million generations sampling every 2000 generations and discarding
25% as burnin. We combined the ten chains and used the R package coda v. 0.19-1 (Plummer et al.
2006) to diagnose convergence by using ESS values. We have also diagnosed model fit by using
posterior predictive simulations implemented in the package BEDASSLE. To facilitate model setup,
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we have modified the original BEDASSLE MCMC sampler for three of the parameters: αD, αE

and Φ (see Bradburd, Ralph, and Coop (2013) for a description of all parameters). We replaced
the default additive random walk in these parameters by a multiplicative random walk (Dellaportas
and Roberts 2003). This makes MCMC setup easier by making step sizes independent of scale and
avoiding the need for optimizing them. The modified version of the BEDASSLE package is available
as a github fork from the main package at https://github.com/brunoasm/BEDASSLE.

3.2.6 Introgression

We used Patterson’s D-statistic test (Durand et al. 2011) implemented in ipyrad to test for introgression
between Syagrus coronata and other species. In all cases, the coconut was the outgroup (population P4).
While all species of Syagrus are distributed in South America, the coconut is native to the old world
tropics (Gunn, Baudouin, and Olsen 2011) and was introduced to the Americas either during European
colonization or shortly before (Baudouin, Gunn, and Olsen 2014; Clement et al. 2013). Therefore,
it is unlikely that any past introgression has occurred between the coconut and species of Syagrus.
While we used the coconut genome as a reference in assembly, reference sequences are not exported by
default in the ipyrad output. Therefore, we added coconut sequences to the ipyrad fasta-like output
file before calculating D statistics. We did that by applying the same criteria used for clustering loci
across samples during RAD dataset assembly. We retrieved regions of the coconut genome to which at
least one read of Syagrus mapped during assembly with BEDtools v.2.26.0 (Quinlan and Hall 2010).
Next, we clustered these regions in the coconut genome to all RAD loci sequenced for at least four
samples using a 85% similarity threshold with vsearch v.2.0.3 (Rognes et al. 2016). Following, we
added the matched coconut sequences to the alignment for each locus with MAFFT v.7.309 (Katoh
and Standley 2013). Finally, we concatenated all alignments in a single file following the ipyrad
*.loci format using a custom bash script, and used this file as input for subsequent analyses in ipyrad.
For Syagrus cearensis and Syagrus kellyana, we calculated all possible D statistics considering the
geographically closest population of Syagrus coronata as one of the ingroup taxa (population P1) and
each additional population as the other ingroup (population P2). To account for multiple testing, we
have used a stringent bootstrapping Z-score of 3 as significance threshold. For Syagrus botryophora
and Syagrus vagans, we repeated this procedure, but calculating the partitioned D-statistic (Eaton and
Ree 2013) instead. In this case, we included both populations of each species in the test (as population
P31 and population P32) and recorded D statistics for derived alleles exclusive to each population and
also common to both of them.

D statistics tests are fast to compute but can be influenced by introgression from unsampled
lineages and other violations to model assumptions (Pease and Hahn 2015). The size of our dataset,
on the order of hundreds of loci, is still amenable for fitting more complex migration models, so we
additionally used migrate-n v.4.2.14 (Beerli and Palczewski 2010) to infer migration between species
and populations. Version 4 of migrate-n includes a new algorithm allowing population divergence in
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addition to migration (P. Beerli, personal communication). We used the same populations as in the
species tree, and included one unsampled lineage as ancestor of S. coronata, S. cearensis and S. kellyana

and another as the common ancestor of all species. We used D statistics test results and geography to
inform potential migration rates to be included in the model, and we fitted two models with different
scenarios for the origin of population phenotypically identified as S. coronata but clustering with
S. cearensis in DAPC: diverging from the closest population of S. coronata or from S. cearensis. We
used default priors for all parameters except migration rates. In this case, we used exponential priors
with mean 10, resulting in a higher prior weight towards no migration. We included all sites for loci
found in at least one individual population, with HKY substitution model, constant mutation rates
and transition/transvertion ratio of 2. We inferred parameters using Markov Chain Monte Carlo
with Metropolis Coupling, with one cold and three heated chains, 1500000 steps of burn-in and
2000000 steps of sampling for each locus in two independent replicates, recording values every 100
steps. After fitting all models, we used Bayes factors calculated from marginal likelihoods estimated by
thermodynamic integration with Bézier correction (Beerli and Palczewski 2010) to choose the best of
the two fitted models.

3.3 Results

3.3.1 Dataset assembly

Between 68.8% and 80.0% of the dereplicated reads mapped to the coconut genome. Based on these
mapped and on unmapped reads, a total of 19707 loci were recovered for at least 4 samples across the
76 samples included in this study. The number of loci for a single sample varied between 1704 and
11555. When loci were filtered to those present in at least 66 samples (i. e. 85% of the samples), the
total number of loci reduced to 1410, but with more even coverage between samples, varying between
775 and 1405 loci.

3.3.2 Genetic Structure

K-means identified four clusters based on the first 30 principal components (Figure 3.2). Syagrus
kellyana was separated from the other species, while Syagrus coronata was divided into three clusters.
Two are large clusters dividing populations to the north and south of the distribution, while the third
one includes three specimens from the northernmost population and Syagrus cearensis. These three
specimens are distant only 5.5 km from a specimen that clustered with other samples of S. coronata.
This region is close to the known area of occurrence of the hybrid of S. coronata and S. cearensis,
S.× costae (Noblick 2017). Even though the specimens are phenotypically closer to S. coronata, we
will hereafter refer to them by the hybrid name. We have found that S. cearensis, S. kellyana and
S.× costae have lower expected heterozygosity when compared to most populations of S. coronata, and
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within S. coronata there is a gradient of higher heterozygosity in the southwest towards lower values in
the north and east (Figure 3.3).
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3.3.3 Isolation by distance and environment

Posterior predictive sampling shows that BEDASSLE model correctly captured trends of variation in
FST, but in general overestimated divergence between populations (Figure 3.4). There is a clear pattern
of isolation-by-distance among populations of Syagrus coronata, but nearly no signal of isolation due to
differences in precipitation (Figure 3.4,Table 4.4). There is substantial variation in annual precipitation
(567–1226 mm) and precipitation of the warmest quarter (131–374 mm) across populations sampled
here, but the coefficient associated with distances in these variables is inferred to be zero (Table 4.4)
and there is no obvious association between these distances and FST (Figure 3.4). There is also no
clear gap in FST within and between clusters obtained by DAPC, with FST steadily increasing with
geographical distance (Figure 3.4).

3.3.4 Introgression

We identified significant introgression between Syagrus coronata and its closest relatives using D
statistics tests. Both for S. cearensis and S. kellyana, there was strong signal of introgression with the
geographically closest population of S. coronata, with several tests for individual populations being
significant (Figure 3.5). Evidence for introgression with the more distantly related S. botryophora and S.
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vagans was very weak (Figure 3.5). Using partitioned D-statistics, we found one significant comparison
with the northern population of Syagrus botryophora, and a geographical trend of more negative D
statistics when comparing the closest population of S. coronata to more northern populations. This
suggests that introgression has occurred between southern populations of S. coronata and northern
populations of S. botryophora. For the southern population of S. botryophora, there was neither
significant results or obvious geographical trends. In the case of S. vagans, no single test was significant,
but geographical variation in D statistics suggests introgression among northern populations of S.
coronata and S. vagans, and also between the sympatric S. coronata and S. vagans in the south. Both
for S. vagans and S. botryophora, D statistics are close to zero and non-significant when considering
derived SNPs shared by both populations.

T .: Posterior mode and 95% highest posterior density interval for BEDASSLE
model. αD is the parameter associated with geographical distances, αE1 with dif-
ferences in annual precipitation and αE2

with differences in precipitation of the
warmest quarter. Estimates smaller than 1e-10 rounded to 0.

Parameter Estimate

β 0.013 (0.011–0.020)
α0 0.2 (0.016–0.30)
α2 1.2 (0.97–1.5)
αD 0.01 (0.00013–0.43)
αE1 0 (0–1.3e-07)
αE2 0 (0–4.1e-08)



Chapter 3. Isolation by distance and introgression in the licuri palm (Syagrus coronata) 78

Geography (km) Annual precipitation (mm) Precipitation of warmest quarter (mm)

250 500 750 1000 0 200 400 600 0 50 100 150 200 250
0.0

0.2

0.4

Pairwise distances

Pa
ir

w
is

e 
F S

T

F .: Observed (colored) and predicted (black) pairwise FST against the three
distances used in BEDASSLE model. Only geographical distance exhibits a clear
association with genetic isolation between populations. Green points are pairwise
comparison between populations within the same DAPC cluster, while purple points

indicate comparisons across clusters.

Bayes factors indicate more support for a model in which S.× costae diverges from S. cearensis

and receives migration from S. coronata, but posterior distributions are broadly overlapping both for
migration rates (Table C.2) and other parameters (Table C.2). The posterior distribution of most
migration rates included zero (Figure 3.6). Among non-zero rates, patterns were in general concordant
with D statistics results (Figure 3.6). In most cases gene flow is unidirectional between species, with S.

coronata often acting as a source (Figure 3.6). The only two exceptions were gene flow from S.× costae

to the northern population of S. coronata (mean rate m/µ 11.03, 95% HPD interval 3.4–18.6) and a
very small migration rate from Syagrus botryophora to S. coronata South (mean 3.6, interval 0.2–6.8).
Gene flow was stronger to the closest relatives S. kellyana (mean 27.76, interval 20.0–35.2) and S.

cearensis (mean 29.51, interval 21.8–37.0), but was also present to the southern (mean 7.34, interval
0.2–14.2) and northern (mean 15.81, interval 8.2–23.2) populations of S. vagans. There was also
bidirectional gene flow between S. kellyana and S. vagans South.

3.4 Discussion

We found that most of the genetic structure of Syagrus coronata can be explained by isolation by
distance Figure 3.4. K-means of principal components identified two main clusters of populations
of Syagrus coronata Figure 3.2, but there is a continuous increase of FST with geographical dis-
tance Figure 3.4, suggesting that population structure is actually more subtle with gene flow between
neighboring populations. While clustering methods provide insights into the genetic structure of a
species, they should be viewed as exploratory tools to simplify a possibly complex reality (Meirmans
2015). Isolation by distance is an expected pattern for stable populations with limited dispersal, or
range expansions from a single source (Aguillon et al. 2017; Kimura and Weiss 1964; Meirmans 2012;
Slatkin 1993). Together with the gradient in heterozygosity (Figure 3.3), our results are consistent
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with range expansion from a single source in the southwest. Even though Costa et al. (2017) predicts
generally high instability for the Caatinga, the southwestern part of the distribution of S. coronata
is among the areas considered to be more stable. In the model of Arruda et al. (2018), this area is
classified as deciduous forest with the northernmost part being Caatinga. In this case, they predict
higher stability of the Caatinga towards the northern part of the range of S. coronata, and fragmentation
of deciduous forests towards the south. However, they also predict a larger area of stability in the
southwestern limits of the current distribution of S. coronata. In general, our results are consistent
with some aspects of both models, but not with fragmentation into multiple refugia. When compared
to the phylogeography of other species distributed in the Caatinga, our findings stand in contrast to
those in figs and lizards (Thomé et al. 2016; Vieira et al. 2015), in which there are signs of southward
population expansion. For a species of stingless bee distributed in the southern part of the Caatinga,
consumers of pollen of Syagrus and other plants (Miranda et al. 2015), the pattern is similar to what
we found with no strong population clustering and isolation by distance (Miranda et al. 2016). One
part of the distribution of S. coronata is missing here, consisting of a disjunct population to the north
of the São Francisco river (Figure 3.1). Future work on this population could reveal whether it has
been isolated for a longer period of time in a separate refugium.

Precipitation is an important factor determining plant species turnover in the Caatinga and
between Caatinga and other biomes (Silva and Souza 2018; Terra et al. 2018). There is large variation
in precipitation patterns along the range of Syagrus coronata, but it is not associated with genome-wide
patterns of divergence. This does not necessarily mean that there is no local adaptation, but rather that
if present local adaptation to aridity does not limit gene flow. In Arabidopsis thaliana, for example,
only 0.002% of genotyped SNPs seem to be associated with climate adaptation (Fournier-Level et al.
2011). At least for the scale of our study, the genetic structure of S. coronata can be adequately
explained by simple processes of limited dispersal, with isolation by environment (in the sense of
Wang and Bradburd (2014)) not being as relevant.

While hybrids of Syagrus coronata and other species of Syagrus have been recognized for a long
time, this is the first study to evaluate the degree to which hybridization results in introgression. We
found that gene flow is generally higher from Syagrus coronata than in the opposite direction, and
introgression is more evident with its closest relatives than with the more distantly related S. vagans and
S. botryophora. This is hardly surprising, since increase in reproductive isolation with genetic distance is
a well documented pattern (Coyne and Orr 2004). In the case of S. cearensis, our sample included the
hybrid zone with S. coronata, with some specimens clustering with either species in the northernmost
part of the range. More sampling in this area and also across the range of S. cearensis could provide
details into the dynamics of hybridization between these species. Among the more distantly related
species, there is appreciable but asymmetric gene flow with the broadly sympatric Syagrus vagans.
Many factors could cause this asymetry, but it is possible that differences in reproductive biology
could be one of them. Pollination in S. vagans is still poorly understood, but there are no potential
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specialized beetle pollinators described in the literature and we have also never found beetles during
pistillate anthesis. It is therefore very likely pollinated by generalist native and introduced bees. The
honey bee (Apis mellifera), for example, is known to harvest pollen from both Syagrus coronata and
Syagrus vagans (Costa et al. 2015). Syagrus coronata, on the other hand, is pollinated both by bees
and specialized beetles (Chapter 2). As a consequence, while all pistillate flowers of S. vagans are
pollinated by insects potentially carrying non-specific pollen grains, this is the case for only a fraction
of flowers in S. coronata. As for Syagrus botryophora, one of the D statistics tests was significant under
our Z-score threshold, and this was congruent with a small but nonzero migration rate inferred from
the northern population of Syagrus botryophora to the southern population of Syagrus coronata. These
species share a number of specialized flower visitors, including a pollinator (Chapter 2). Hybrids have
been observed in nature (Table 3.1), but are extremely rare (Noblick 2017). Syagrus botryophora is a
rainforest specialist while S. coronata is specialized on seasonally dry forests, and they are rarely found
in close proximity. Opportunities for coexistence of flowering individuals are probably too rare to
result in strong gene flow but certainly have occurred often enough to enable host shifts of multiple
specialized beetles.

Syagrus coronata has great cultural value and economic potential for human populations in the
Caatinga (de Carvalho, Ferreira, and Alves 2015; SDAC 2012). With the aim of preserving this
species, guidelines for the management and harvesting of populations of the licuri have been developed
by the Brazilian federal government and also local authorities (de Andrade et al. 2015; de Carvalho,
Ferreira, and Alves 2015; SDAC 2012). Here for the first time we have studied the population
genetics of this species, having found isolation by distance and little signs that hybridization results in
introgression into the gene pool of S. coronata. While the northern part of the range and the hybrid
zone with S. cearensis needs further attention, we confirm that there is substantial divergence between
distant populations. Movement of seedlings across large distances is not therefore recommended, and
multiple areas throughout the range are needed to preserve the genetic diversity of the species, with an
emphasis to the putatively more stable area in the southwest of this species range.
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Chapter 4

Population divergence does not depend

on mode of interaction in palm flower

weevils

Note: Supplemental materials included in Appendix D.

4.1 Introduction

The spectacular diversity of insects is thought to be a result of interactions with plants (Ehrlich and
Raven 1964; Farrell 1998; Futuyma and Agrawal 2009; Janz, Nylin, and Wahlberg 2006). Antagonism
between plants and insects could lead to diversification, with the variation of defenses among plants
resulting specialization and radiations in insects circumventing those defenses (Ehrlich and Raven
1964; Janz, Nylin, and Wahlberg 2006; Schuman et al. 2016). Alternatively, mutualism could lead
to highly specialized interactions and promote diversification in insects and plants (Weiblen and
Treiber 2015). Studies on macroevolutionary scales have found that these radiations of specialized
phytophagous insects, mutualists or antagonists, frequently exhibit at least some level of congruence
with phylogenies of their host plants, but many of the insect speciation events can be attributed
to expansion to new hosts (Althoff, Segraves, and Johnson 2014; Cook and Segar 2010; Cruaud
et al. 2012, 2013; de Vienne et al. 2013; Forbes et al. 2017; Futuyma and Agrawal 2009; Hembry,
Yoder, and Goodman 2014; Janz 2011; Vertacnik and Linnen 2017; Winkler and Mitter 2008). At
population levels, early divergences between insect species or populations are often studied in the
context shifts to different host species and their resulting specialization, either in sympatry (Berlocher
and Feder 2002; Drès and Mallet 2002) or allopatry (Linnen and Farrell 2010). While there is strong
support for the widespread existence of host races at population levels and diversification associated
with host shifts at macroevolutionary levels, less is known about divergence of insect populations
associated with plants that are not completely isolated. Moreover, very few studies have attempted to
compare insects that engage in different kinds of interactions with their host plants. As a result, it is
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currently unclear how host-associated insect diversification operates along a range of divergence levels
between plants and whether antagonisms and plant defenses are indeed important factors in insect
speciation.

Most studies on the phylogeography of plants and their associated insects have been conducted on
brood pollinators, probably due to their high levels of dependency on host plants. As in phylogenetic
studies, the focus has been to test the potential congruence between plant and insect population
histories. Figs with very large geographical ranges have little to no isolation by distance over thousands
of kilometers (Bain et al. 2016; Liu et al. 2013; Tian et al. 2015), and this is also observed in their
pollinators (Liu et al. 2013; Tian et al. 2015). However, histories of figs and wasps seem not to be
entirely congruent, with more bottlenecks evident in wasps than in figs, and in some cases a turnover
of wasp species through the range of a fig species (Bain et al. 2016; Liu et al. 2013; Tian et al. 2015).
As in figs, the Joshua tree Yucca brevifolia has a replacement in pollinator moth species coinciding
with a barrier to gene flow in the plant. The two are believed to be causally linked, with difference in
pollinators leading to reduced gene flow in plants (Smith et al. 2008; Yoder et al. 2013). Even though
divergence of plant populations preceded that of insect species (Smith et al. 2008), recent population
size fluctuations of pollinator and non-pollinator moths coincide with that of their host plants (Smith
et al. 2011). In globeflowers, there is little congruence between phylogeographical histories of three
species of Chiastocheta pollinator flies, but congruence with plant phylogeography cannot be rejected
for two of them (Espíndola, Carstens, and Alvarez 2014). Finally, a very recent radiation of leafflowers
on Pacific islands exhibits little congruence between plants and their pollinator moths (Hembry et al.
2013). In all of these cases, only pollinator species were considered, and resolution was limited by the
genotypes derived from microsatellites or a few mitochondrial and plastid loci. Among non-pollinator
herbivores, a similar pattern emerges. In Camelia weevils, local antagonistic coevolution with their host
plants has been demonstrated (Toju 2008, 2009; Toju and Sota 2006a,b). Geographical structure of
plants and insects are not congruent over different spatial scales, but weevil populations are structured
by plant defenses (Toju 2008; Toju et al. 2011). More recently, Satler and Carstens (2016, 2017)
have studied patterns of phylogeographic congruence between pitcher plants and their associated
arthropods using both COI barcodes and genomewide SNPs. They found high congruence with
potentially synchronous divergence in specialized arthropods (including herbivores and commensals)
but not in a generalist species that does not depend exclusively on this plant. In summary, studies on
congruence have shown that widely distributed plants are often associated with several insect species
throughout their range, with reduced gene flow between plant populations associated with divergent
insect populations or turnover in insect species. While direct comparisons with antagonists were not
done in brood pollinators, patterns in pitcher plant communities indicate that congruence might
depend more on the degree of specialization than on mode of interaction.

A better understanding of the causes of population divergence in phytophagous insects should
include not only patterns of congruence but also predictions based on species traits. This has been
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advocated more generally for other studies in phylogeography (Papadopoulou and Knowles 2016). The
framework of ecological speciation (Matsubayashi, Ohshima, and Nosil 2010; Nosil 2012; Rundle and
Nosil 2005; Schluter 2009) and its predicted pattern of isolation by environment (Sexton, Hangartner,
and Hoffmann 2014; Wang and Bradburd 2014) could provide new insights in this direction. If
plant traits mediating interactions between insects and plants vary across plant species or populations
with which an insect species interacts, there could be divergent selection on insects. In insects that
mate on their host plants, divergent preference or performance in different plants are likely to cause
reproductive isolation (Berlocher and Feder 2002; Drès and Mallet 2002; Feder et al. 2014; Rundle
and Nosil 2005). Even in the presence of gene flow, widespread genomic divergence has been observed
between insect populations interacting with different hosts species (Doellman et al. 2018; Medina
et al. 2017; Michel et al. 2010), and the same phenomenon could be happening between insects
associated with different host populations. Host plants can be seen as one of the most important
elements of the environment in which insect populations evolve. If isolation due to this axis of
environment is important in explaining divergence of insect population, we should expect strong
patterns of isolation by environment when compared to isolation by distance, but not necessarily strict
congruence between insect and plant histories. We can also predict potentially different responses
depending on the kind of interaction between insects and plants. It is expected that mutualisms lead
to stabilization of traits mediating interactions, while antagonisms can lead to higher divergence than
expected under neutrality in models including only two partners (Kopp and Gavrilets 2006; Yoder
and Nuismer 2010). As a consequence, genetic isolation between plant populations may be a better
predictor of insect isolation in antagonists than in mutualists. However, this relationship might be
more complex in diverse communities, since indirect effects affect selection on pairwise interactions in
mutualistic and antagonistic networks with multiple partners (Andreazzi, Thompson, and Guimarães
2017; Guimarães et al. 2017). Finally, it is also possible that the main driver of insect specialization
and diversification is not divergent selection imposed by interactions, but sensory biases (Jermy 1993;
Jermy 1984). In this case, one should not expect consistent differences in patterns of divergence
between insects with different modes of interaction with their hos plants.

Here we use two palm species and their associated insects to test whether divergence between
host plants is a significant source of isolation by environment in herbivore insects, and whether this
varies according to the mode of interaction. Syagrus coronata and Syagrus botryophora are parapatric
species with very different ecologies and a most recent common ancestor at the base of the genus
Syagrus, about 20 million years ago (Meerow et al. 2009, 2015; Noblick 2017). Despite their deep
divergence in this radiation containing over 50 species, there is evidence for introgression between
some populations (Chapter 3). Additionally, these two species share an unusually high number of
flower visitor species, most notably weevils (Curculionidae) (Franz and Valente 2005). These weevils
range from pollinating seed predators to non-pollinators feeding on decaying floral tissues (Chapter 2).
They are locally specialized on their host plants, mating, resting and laying eggs in the inflorescence.
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Their geographical ranges extends throughout most of their host ranges (Chapter 2). The levels of
divergence between host plant populations with which these weevils interact range from populations
with large amounts of gene flow to isolated species, and their environments from tropical evergreen
forest (S. botryophora) to seasonally dry tropical forest (S. coronata). We study patterns of genome-wide
isolation by distance and isolation by environment between nine weevil species associated with one or
both hosts, and compare these patterns between species engaging in different modes of interaction.

4.2 Materials and Methods

4.2.1 Sampling

We sampled insects and plants from 13 populations of S. coronata and five populations of S. botryophora
throughout the distribution of both species (Figure D.1). The former includes one population of
Syagrus× costae, hybrids between S. coronata and S. cearensis (Noblick 2017) (Chapter 3), distant
only five kilometers from a population of S. coronata. Inflorescences in the staminate or pistillate
phase were bagged and excised. Insects were aspirated from bags and stored in 95% ethanol. Leaf
tissues were collected from the sampled plant and other individuals in the vicinity. For this study, we
chose nine specialized weevil species that engage into different modes of interaction with their host
plants and have widespread geographical distributions (Table 4.1). Insect species were identified based
on morphology, and all populations in which at least one individual was collected were included in
this study.

4.2.2 DNA extraction and library preparation

We extracted DNA from insects and prepared double-digest RAD-seq libraries (Peterson et al. 2012)
from 150–300 ng of DNA using the enzymes BfaI and EcoRI as described in de Medeiros & Farrell (de
Medeiros and Farrell 2018). Some of the individuals were extracted destructively, but for others we
digested full bodies separated at the base of the pronotum and preserved the remaining cuticle. We
included a step of whole-genome amplification prior to library preparation for samples yielding less
than 150 ng of DNA. For plants, DNA was extracted from leaf tissues using the E.Z.N.A. HP Plant
DNA Mini Kit (Omega Biotek) following the manufacturer protocol and libraries were prepared
with the same enzymes and protocol as for insects, but without whole-genome amplification and
starting from 300–1000 ng of genomic DNA. Barcoded libraries were sequenced on Illumina systems,
spread throughout several runs pooled with unrelated libraries. The minimum sequence length was
single-end 100 bp, and all sequences were trimmed to this length prior to assembly.

4.2.3 Dataset assembly

Sequences were demultiplexed by inline barcodes and assembled using ipyrad v. 0.7.24 (Eaton 2014;
Eaton and Overcast 2017). For insects, sequences were entirely assembled denovo, but removing
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T .: Insect species sequenced, with number of populations included per host
species. Biology of species associated with S. coronata is reviewed in Chapter 2. * Host
associations newly discovered here. In the case of M. bondari, a single individual was
collected in a population of S. coronata where M. ypsilon is not present. † Species
exclusively associated with S. botryophora: assumed non-pollinators because of the low
frequency in pistillate flowers; information on larval breeding from Bondar (1940c,

1941b)

Species Higher taxon Pollinator Larval breeding Populations
included

Anchylorhynchus
trapezicollis

Derelomini Yes Developing seeds S. botryophora (5)
S. coronata (12)
S. × costae (1)

Remertus
rectinasus

Bariditae No Developing seeds S. botryophora (3)*
S. coronata (4)
S. × costae (1)

Microstrates
bondari

Bariditae No† Live staminate flowers† S. botryophora (5)
S. coronata (1)*

Microstrates
ypsilon

Bariditae No Live staminate flowers S. coronata (10)
S. × costae (1)

Andranthobius
bondari

Derelomini No Decaying staminate flowers S. botryophora (5)
S. coronata (11)
S. × costae (1)

Celetes impar Derelomini No Decaying spathe S. coronata (12)
S. × costae (1)

Celetes decolor Derelomini No Decaying floral branches S. botryophora (4)*
S. coronata (7)
S. × costae (1)

Dialomia
polyphaga

Bariditae No Damaged inflorescences S. coronata (8)
S. × costae (1)

Phytotribus cocoseae Derelomini No† Decaying spathe† S. botryophora (5)
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sequences of potential endosymbionts by using the ipyrad option denovo−reference with reference
sequences consisting of genomes of known weevil symbionts (Anbutsu et al. 2017) as well as Rickettsia
and Wolbachia (accession numbers available in Supplemental Material). We assembled datasets
separately for each insect morphospecies. For plants, we generated a single dataset for both species,
and sequences were assembled either by mapping to the draft genome assembly of the coconut (Cocos
nucifera) (Xiao et al. 2017) or denovo for unmapped reads, using the ipyrad option denovo+reference.
The coconut is a close relative to Syagrus (Meerow et al. 2015; Noblick 2017), with divergence between
genera estimated to 27.6 million years ago (Meerow et al. 2015). No mismatches were allowed in
barcodes during demultiplexing, and bases with a quality score lower than 20 or containing adapters
were trimmed from the 3’ end. After trimming, reads with less than 35 bp or with five or more
low-quality bases were removed. Reads were clustered within and between samples at 85% identity, and
only loci with coverage ≥ 12 in a sample were retained for statistical base calling. Initially, we retained
all samples and all loci present in at least four samples and we used Matrix Condenser (de Medeiros
2018; de Medeiros and Farrell 2018) to visualize patterns of missing data. We then removed samples
with excessive missing data from the datasets, since with whole-genome amplification these are more
likely to include contaminants and amplification artifacts (de Medeiros and Farrell 2018). Instead
of choosing an arbitrary threshold for filtering, we flagged for removal outliers as observed in the
histogram view of Matrix Condenser.

Visualization of patterns of missing data revealed that for some of the insect species there were
clusters of samples sharing clusters of loci, and very few loci common to all samples. This pattern might
be expected if there is cryptic diversity and samples actually represent isolated species. Accumulation
of indels and mutations at restriction sites can change the profile of RAD loci sequenced, and sequence
divergence can reduce the ability to find orthologous loci across species (Rubin, Ree, and Moreau
2012). Therefore, we investigated whether the lack of common loci can be attributed to cryptic
diversity within species. In the more extreme cases, almost no locus could be assembled for the whole
dataset, but there were at least dozens of loci to be compared between samples in a pairwise manner.
We calculated, for each pair of samples, the number of loci in common in the dataset and the average
pairwise nucleotide distance using the R package phangorn v. 2.4.0 (Schliep 2011). We tested whether
sequence distance is negatively associated with the number of common loci by fitting a regression
on distance matrix (Legendre, Lapointe, and Casgrain 1994; Lichstein 2007) implemented in the
R package ecodist v. 2.0.1 (Goslee and Urban 2007). After confirming that sequence distance is
associated with a reduction in number of loci (see results), we split the dataset of each species into
clusters of samples separated by at least 2.5% nucleotide differences on average. We did that by
building a UPGMA dendrogram from the average pairwise distances and slicing these dendrograms at
a height of 2.5% using the R package dendextend v. 1.8.0 (Galili 2015). To further confirm if clusters
thus obtained consist of highly isolated populations, we have used the R packages mmod v.1.3.3 (Galili
2015) and adegenet v.2.1.1 (Jombart 2008; Jombart and Ahmed 2011) to calculate GST between
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these clusters using all loci present in at least one individual per cluster. In one case, clusters were
sympatric across a broad range, so we compared the morphology of individuals with preserved cuticle
to confirm their divergence with an independent source of data. After splitting datasets by sequence
divergence, we have again used Matrix Condenser to find the minimum number of samples per locus,
for each dataset, that would result in no sample with more than about 50% missing data. We then
applied this filter in ipyrad to generate final datasets with minimal missing data for further analyses.
For plants, even though there were some loci exclusive to S. botryophora or S. coronata, the problem
was not as severe as for insects and thousands of loci were shared between species without any need to
split the dataset.

4.2.4 Population structure

Clustering by sequence similarity was needed to generate proper datasets with a large number of shared
SNPs, but there could still be significant population isolation within each cluster. Comparing isolation
by distance to isolation by environment only makes sense if there is appreciable gene flow between
populations studied. For each insect species, we sampled one SNP per locus to identify genetic clusters
by k-means of principal components (Jombart, Devillard, and Balloux 2010; Lee, Abdool, and Huang
2009; Liu and Zhao 2006) in the R package adegenet. We then used migrate-n v.4.2.14 (Beerli and
Palczewski 2010) to test for significant gene flow between clusters, if more than one was found per
species. Version 4 of migrate-n includes a new algorithm to estimate divergence dates from ancestral
populations, in addition to migration rates (P. Beerli, personal communication). For each species in
which more than one genetic cluster was identified we fitted a model including all migration rates
between clusters as well as independent divergence dates from single ancestral population. We have
also estimated all possible sub-models in which one or more migration rates were set to zero, including
a model with no migration. This resulted in 4 possible models in the case of two clusters and 64
models in case of 3 clusters. We used MCMC to estimate parameters from full sequence data for all
loci present in at least one individual per population, using the HKY mutation model (Hasegawa,
Kishino, and Yano 1985) with empirical base frequencies, kappa set to 2 and constant mutation rate
across loci. We used exponential priors for population sizes (θ) and migration rates (m/µ), with mean
of 0.01 and 500, respectively. With exponential priors, posterior modes are expected to be zero if
there is not strong support in the data for values above zero (Gelman et al. 2014). We ran one cold
and three heated Markov chains, with default heating scheme, for 1 million generations of burn-in
and 5 million of sampling, recording parameters every 100 generations. Models were sorted by their
marginal likelihoods, estimated by thermodynamic integration with Bézier correction (Beerli and
Palczewski 2010) and we considered a given cluster as isolated if the preferred model or models within
10 log-units of marginal likelihood contained no migration in or out of this cluster. Completely
isolated clusters were treated as separate species for analyses of isolation by environment.
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4.2.5 Isolation by environment

We used the beta-binomial model of BEDASSLE (Bradburd, Ralph, and Coop 2013) to infer the
magnitude of isolation by distance and isolation by environment in all species or clusters present in
at least four localities. BEDASSLE simultaneously models the association of the covariance of allele
frequencies between populations with geographical distance and one or more environmental distances
in a Bayesian framework. The model can handle nonlinear relationships, and also overdispersion (which
could arise due to bottlenecks, for example). For each insect species, we fitted a BEDASSLE model
including geographical distances, climatic distances and host distances as predictors. Geographical
distances were calculated as geodesic distances between average coordinates for each population in the
R package sf v.0.6-3 (Pebesma 2018). For climatic distances, we downloaded and extracted bioclimatic
variables from Worldclim v. 1.4 (Hijmans et al. 2005) for the average coordinates of each population
using the R package raster v.6-7 (Hijmans 2017). We then transformed all bioclimatic variables by
doing a PCA and calculated the pairwise Euclidean distances between transformed variables. For
host distances, we used linearized Hedrick’s G’ST (Hedrick 2005; Meirmans and Hedrick 2011)
implemented in the R package mmod v.1.3.3 (Winter 2012). We rescaled all distance matrices by
dividing each one by the mean distance across all populations. We ran ten independent Markov
chains per species for 20 million generations sampling every 1000 generations and discarding 25% as
burnin. We combined the ten chains for each species and used the R package coda v. 0.19-1 (Plummer
et al. 2006) to diagnose convergence by using ESS values. We have also diagnosed model fit by using
posterior predictive simulations implemented in the package BEDASSLE. To facilitate model setup
across several species, we have modified the original BEDASSLE MCMC sampler for three of the
parameters: αD, αE and Φ. We replaced the default additive random walk in these parameters by
a multiplicative random walk (Dellaportas and Roberts 2003). This makes MCMC setup easier by
using a single proposal step size for all species. The modified version of the BEDASSLE package is
available as a github fork from the main package at https://github.com/brunoasm/BEDASSLE.

4.3 Results

4.3.1 Dataset assembly

In all insect species there is a trend of reduction in the number of pairwise shared loci with higher
levels of sequence divergence (Figure 4.1). This trend was significant in most species, especially in
those with deeper sequence divergences (Table 4.2). Exceptions were P. cocoseae, with a significant
relationship in spite of low divergence levels, and M. bondari, with non-significant relationship despite
the high divergence between populations in different plant species. We tentatively split clusters of
samples separated by at least 2.5%, and will treat these clusters as operational taxonomic units (OTU)
here. GST between these OTUs is very high, above 0.78 (Figure 4.1), further supporting their high
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isolation. After datasets were split into OTUs, we were able to obtain data matrices with hundreds of
unlinked SNPs for each OTU (Table D.1).
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distances (right). Shaded line marks the 2.5% threshold used to split datasets into

OTUs. GST between these OTUs shown near nodes connecting them.
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T .: Regression results for the relationship between average pairwise sequence
distance and pairwise number of loci in common. Sequence distances were multiplied
by 100 prior to regression. As a result, slope indicates the expected change in number
of loci for each percent increase in sequence distance. There is a general trend of

decreasing number of loci with increase in sequence distance.

Species Intercept Slope R2 F statistics p-value

Anc. trapezicollis 7531.6 -1467.3 0.46 3249.11 0.001
And. bondari 3725.7 -918.3 0.13 266.48 0.001
C. decolor 4150.8 -602.9 0.13 59.05 0.001
C. impar 7306.2 -464.2 <0.01 1.76 0.679
D. polyphaga 4544.3 -3266.3 0.07 11.39 0.090
M. bondari 3351.9 -87.5 <0.01 0.18 0.892
M. ypsilon 4036.4 -832.2 0.01 4.42 0.300
P. cocoseae 20909.1 -27254.4 0.16 59.98 0.002
R. rectinasus 3403.0 -607.5 0.05 7.41 0.014

4.3.2 Genetic structure

In almost all cases, OTUs defined by sequence distance represent allopatric populations ssociated with
different host species (Figure 4.2). The only exception is the pollinator Anchylorhynchus trapezicollis,
which consists of three OTUs with broadly overlapping ranges, one of them associated with two
hosts (Figure 4.2). Clustering by k-means reveals further genetic structure within some OTUs,
with barriers to gene flow either between host species (Anc. trapezicollis OTU 1, R. rectinasus) or
along North-South axes within host species (Anchylorhynchus trapezicollis OTU 2, C. impar, D.

polyphaga, M. bondari) (Figure 4.2). In other cases, there is continuous genetic variation along North-
South axis without clear clusters (Anc. trapezicollis OTU 3, C. decolor OTU 1, C. decolor OTU 2,
M. ypsilon, P. cocoseae) or even very little genetic structure throughout the whole range of the host
plants (Andranthobius spp.).

Sympatric populations ofAnchylorhynchus trapezicollis OTUs 1 and 2 are morphologically very sim-
ilar, with more morphological variation in general shape and color between populations of Anc. trapez-
icollis OTU 1 than between the two OTUs (Figure D.2A-E). The main consistent difference that
we could characterize based on external morphology is the shape of the metasternal concavity in
males. In Anc. trapezicollis OTU 1 this is triangular and delimited by a carena (Figure D.2F). In
Anc. trapezicollis OTU 2 the limits of the concavity are not as well defined, and it is also usually
wider than the former (Figure D.2G). Both sexes in Anc. trapezicollis OTU 2 usually have dense and
long plumose setae on ventral surfaces (Figure D.2I-J), with these being not as long and dense in
OTU 1 (Figure D.2H). However, this character varies between individuals and populations, with
populations of Anc. trapezicollis OTU 1 associated with Syagrus botryophora exhibiting the longest
scales (Figure D.2J). The holotype of Anchylorhynchus trapezicollis is a female possibly collected from
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a population in which the two forms are in sympatry. Consequently, even though we had access to
images of the type at the moment we are unable to ascertain which of the OTUs is conspecific with
the type and should therefore bear the name of the species.

We used migrate-n to infer migration models for all OTUs with more than one k-means cluster.
In the case of R. rectinasus, we further divided one of the clusters for fitting the migrate model
that included one outlier population with a single individual (Figure 4.2). None of the best models
in migrate-n included populations that are completely isolated (Table 4.3), even though inferred
migration rates are sometimes small, they are non-zero (Table D.2). Since this indicates the existence
of ongoing gene flow between all populations in OTUs, we fit one BEDASSLE model for each OTU
present in at least four different localities.

T .: Best migrate-n models for each species. See Figure 4.2 for population labels.
Bayes factors in comparison to the second best model. For parameters estimates, see

Table D.2.

Taxon Bézier-approximated score Bayes factor (ln) Migration parameters

Anc. trapezicollis OTU 1 -234707.05 133.69 A⇔B, A⇒C, B⇒C
Anc. trapezicollis OTU 2 -139057.24 573.75 A⇔B
C. impar -142021.37 20.17 A⇔B, A⇐C, B⇔C
D. polyphaga -43596.78 90.75 A⇔B
M. bondai OTU 1 -59472.11 116.17 A⇐B
R. rectinasus -117897.11 40.19 A⇔B, A⇒C, B⇒C

4.3.3 Isolation by environment

Posterior predictive samples indicate that the BEDASSLE model generally captured trends of pop-
ulation isolation, but could not accurately predict all pairwise FST values (Figure 4.3). The major
difference in parameter estimates is associated with host species (Table 4.4). In insects exclusively
associated with S. botryophora, there was usually very little isolation between populations, with M.

bondari OTU 1 being the only species with significant isolation by climate (Table 4.4). In insects
associated with both hosts, host GST is the major axis of isolation (Figure 4.3, Table 4.4). Among
those associated with S. coronata only, there is more variation, but isolation by geographical distance is
the more prevalent pattern (Figure 4.3, Table 4.4). There is no clear association between the nature of
insect-host interaction and patterns of isolation. The two species of pollinator differ in the importance
of host and distance, and insects feeding both on live and dead tissues have similar patterns of isolation
by distance and host (Figure 4.3).
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F .: Isolation by distance and isolation due to host in insect species. Patterns
are consistent for insects associated with each host species, but not between insects with
similar kinds of interaction with their hosts. For each species, we plot geographical
distance (left) and host GST (right) against observed and predicted insect FST, with
predictions drawn from 500 samples of the posterior distribution. Even thought we
linearized GST for model fitting, here we show results projected onto the original

scale.
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T .: Parameter estimates for BEDASSLE models (posterior mode and 95%
HPD interval). αD, αE1 and αE2 are parameters associated with isolation by
geographical distance, isolation by host distance and isolation by climate distance,
respectively. See Bradburd, Ralph, and Coop (2013) for definition of remaining

parameters.

OTU αD αE1 αE2 α2 α0 β

A. trapezicollis OTU 1 0.06 1.0 0 1.7 0.09 0.05
(0.04–0.1) (0.77–1.2) (0–0.01) (1.4–1.8) (0.07–0.1) (0.04–0.06)

A. trapezicollis OTU 2 0.1 0 0 1.4 0.16 0.06
(0.05–1.1) (0–0.17) (0–0) (1.1–1.6) (0.06–0.21) (0.07–18)

A. bondari OTU 1 0 0 0 0.12 0.09 0
(0–0.03) (0–0) (0–0.12) (0.1–0.44) (0.06–1.2) (0.06–117)

A. bondari OTU 2 0 0 0 0.19 0.15 0
(0–0) (0–0) (0–0.01) (0.1–1.5) (0.09–2.5) (0.08–215)

C. decolor OTU 1 0.07 0 0 1.1 0.1 5.7
(0–0.78) (0–0) (0–0) (0.69–1.7) (0.07–0.26) (0.08–384)

C. decolor OTU 2 0 0 0 0.19 0.46 7.1
(0–0.23) (0–0.14) (0–0.17) (0.1–1.6) (0.23–1.5) (0.26–721)

C. impar 0.05 0 0 1.3 0.05 0.02
(0.02–0.74) (0–0.07) (0–0) (1–1.6) (0.04–0.21) (0.05–147)

D. polyphaga 0 6.9 0 1.2 0.1 9.7
(0–0) (2.1–13) (0–0) (0.94–1.5) (0.07–0.14) (0.32–953)

M. bondari OTU 1 0 0 0.23 1.9 0.06 0
(0–0) (0–0) (0.14–0.35) (1.5–2) (0.05–0.08) (0.09–810)

M. ypsilon 1.2 0 0 1.9 0.3 0.12
(0.61–1.7) (0–0) (0–0) (1.4–2) (0.21–0.41) (0.09–0.14)

P. cocoseae 0 0 0 1.6 0.12 5.6
(0–0.15) (0–0) (0–0.11) (0.88–2) (0.1–0.93) (0.1–486)

R. rectinasus 0.03 1.1 0 2.0 0.03 0
(0.02–0.05) (0.95–1.3) (0–0) (1.9–2) (0.02–0.03) (0.15–660)

4.4 Discussion

We found a surprising level of genetic diversity in most of the morphologically defined species. In
contrast to optimistic expectations for the use of RAD-seq in analyses across species (Rubin, Ree,
and Moreau 2012), here we found only a few loci in common for organisms that were previously
thought to be closely related. While progress has been made recently (McKenna et al. 2018; Shin
et al. 2018), the phylogeny of weevils is still largely unresolved and we consider that there is currently
no good estimate of weevil mutation rates or the phylogenetic relationships between taxa studied
here. The level of sequence divergence that we used as cutoff (2.5%) likely underestimates the true
divergence between these species (Arnold et al. 2013). As a result, it is hard to generalize this finding
to other systems, but we recommend caution in studies of little known organisms in which cryptic
species might be a common (Struck et al. 2017). We used whole-genome amplification to obtain
individual-level genotypes from samples yielding small amounts of DNA, even though this results in a
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substantial number of samples not yielding sufficient data during assembly (de Medeiros and Farrell
2018). Another option for low amounts of genomic DNA is pooling, but in this case the distinction
of sympatric cryptic species such as Anchylorhynchus would be challenging if not impossible.

Species thought to be associated with both Syagrus coronata and Syagrus botryophora resulted
to be highly diverged between host plants. In most cases, these populations were highly diverged
and resulted in almost non-overlapping RAD datasets (Figure 4.1), while for R. rectinasus and
Anc. trapezicollis OTU 1 we could use models to find that the main axis of divergence occurs along
host species (Table 4.4). Contrasting to these results, isolation associated with host GST was inconsistent
between populations associated with a single host species, and there was no observable barrier to gene
flow between insect populations in S. coronata and S. x costae, its hybrid with the closely related S.

cearensis (Figure 4.2). Our results indicate that shifts between divergent hosts are more important in
generating insect species than continuous coevolution between intimately associated species, an idea
already proposed from phylogenetic results (de Vienne et al. 2013).

A consistent difference was observed between species exclusively associated with either Syagrus
botryophora or Syagrus coronata. By being specialized, insect species are indirectly affected by events
causing demographic fluctuations in their hosts. With one exception, insects exclusive to S. botryophora

do not exhibit any significant isolation between populations (Figure 4.3), while in S. coronata higher
levels of isolation were more common, sometimes associated with host, and sometimes with geograph-
ical distance. The biomes on which these plants specialize have undergone very different dynamics
during climate cycles, with seasonally dry forests (S. coronata) being more unstable than wet forests by
the coast (S. botryophora) (Arruda et al. 2018; Costa et al. 2017). Specialization on the former may
have resulted in more opportunities for population isolation and bottlenecks through time, promoting
stronger patterns of isolation observed here.

Direct effects of insect-host interaction do not seem to be important in explaining patterns of
insect divergence in this system. If coevolution of plant defenses and insect counterdefenses were the
major driver of insect divergence, we should expect to observe stronger isolation in species feeding on
live and therefore potentially defended resources. Additionally, mutualists could also have different
patterns from antagonists. This is not the case in this community. Among species associated exclusively
with Syagrus coronata, we observed both patterns of isolation by distance and isolation by environment,
uncorrelated with mode of interaction. In Syagrus botryophora, only one species showed any significant
isolation between populations, in this case by climate. The idea that plant defenses are one of the
major factors explaining phytophagous insect diversification has been considered compelling since the
seminal study of Erlich and Raven (Ehrlich and Raven 1964). For example, in most of the studies
recently reviewed by Vertacnik and Linnen (2017) the genetic basis of host shifts was studied by a
candidate-gene approach focusing on genes related to circumventing plant defenses. As highlighted
in the same study and elsewhere (Jermy 1993; Jermy 1984), divergent selection between hosts can
act on several different aspects of host preference and performance. In two of the best studied cases
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of genomewide isolation with gene flow in insects, plant defenses are not the proximal mechanism
of host-associated isolation. In Timema stick insects, the mechanism of divergence is mediated by
differential susceptibility to predation in different hosts (Gompert et al. 2014; Nosil, Crespi, and
Sandoval 2002), while in Rhagoletis flies, phenology seems to be the selected phenotype (Doellman
et al. 2018; Filchak, Roethele, and Feder 2000). Our results support the idea that antagonistic
coevolution might not be especially relevant to explain the diversity of insects,

Patterns of isolation by distance and environment did not differ between pollinators and non-
pollinators (Figure 4.3). There was, however, an important difference in the genetic structure of
pollinators. We uncovered three pollinator OTUs, all of them sympatric in at least part of their
range at high enough frequency to have been sampled in the few individuals per population included
in this study (Figure 4.2). This contrasts with all other weevil species, in which there is only one
abundant species per locality feeding on a given resource (Figure 4.2, Chapter 2). Coexistence of
cryptic species seems to be common in fig wasps (Haine, Martin, and Cook 2006; Molbo et al. 2003;
Sutton et al. 2017), even though in some cases it seems to be mediated by differences in putatively
functional traits related to oviposition (Darwell and Cook 2017). The latter has also been found in
Yuccamoths (Darwell, Segraves, and Althoff 2017). It is not clear why there is no competitive exclusion
between species of Anchylorhynchus. One of the morphological differences that we found is the length
of plumose setae on ventral surfaces. While it could be related to their effectiveness as pollinators, it is
not clear how this difference would mitigate competition. It is possible that physiological differences
between species may promote coexistence. These plants flower yearlong (Noblick 2017), and they
could be interacting with pollinators that are more abundant in different seasons.

We have studied patterns of genetic isolation between populations of several insect species associated
with the same host plants. Genetic divergence was strongest across insects associated with different
host species, and the history of each plant seems to be the major driver of patterns of isolation by
distance and isolation by environment in all associated insects. Therefore, insect-relevant variation
among plant populations could present a consistent front to insects, which in turn may represent
a coherent selective force on plants. It is important to emphasize that we did not find consistent
differences associated with the mode of interaction between insects and plants, suggesting that the
idea that antagonism is the leading cause of phytophagous insect diversification, at least in this system,
is misleading. Close association with plants and mating on their hosts, including parasitism but
also other modes of interaction, seems to be the important phenomenon promoting speciation in
phytophagous insects, and several aspects of host use could facilitate divergent selection. Shifts between
divergent hosts are probably more important than continuous coevolution between populations of
insects and hosts.
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Concluding Remarks

Here I have used Syagrus coronata as a system to study the evolutionary consequences of species
interactions. I chose this species mostly because of the information available on the natural history of
its flower visitors, but many other diverse networks of tropical plants and interacting insects await to
be studied. In addition to the results presented here, I see this thesis as the starting point of a research
program that could increase our understanding of interactions on different dimensions. Some of these
dimensions could be readily studied in Neotropical palms and their flower visitors.

How to better manage Syagrus coronata?

Syagrus palms, and Syagrus coronata in particular, perhaps represent the first case in which there is a
conflict between brood pollinators and a particular species of seed predators: humans. Licuri seeds are
consumed by populations in the Caatinga and can also be used as a source of oil, potentially even for
biofuel production (de Carvalho, Ferreira, and Alves 2015). Managemenet recommendations for this
species have not yet considered the existence of pre-dispersal seed predators among its pollinators (de
Carvalho, Ferreira, and Alves 2015; SDAC 2012). Studies on the productivity of this palm and its
economic potential should take into account the effects of different pollinators of S. coronata, and
possibly test if their management can influence productivity.

When is brood pollination advantageous?

The systematization of natural history information for flower visitors of Syagrus coronata (Chapter 2)
allows us to ask new questions about the ecology of these interactions. Together with the finding
that Anchylorhynchus trapezicollis is a complex of broadly sympatric species (Chapter 4), we now
know that Syagrus coronata is visited by one or more species of brood pollinators throughout its
geographical range, even though potentially less costly pollinators such as bees are also widely available.
Quantification of pollination effectiveness and damage caused by the few species likely to be pollinators
can provide insights into the outcomes of interactions.

Beyond Syagrus coronata, studies on other species of palms with similar pollination systems could
also reveal the context in which brood pollination arises. For example, Syagrus vagans is broadly
sympatric with Syagrus coronata, but it does not seem to be associated with Anchylorhynchus or any
other beetle pollinator (Chapter 3). However, beetle florivores and seed predators related to those
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in S. coronata have been observed (Bondar 1942, 1943b). Is pollination and fruit production less
efficient in this species than in S. coronata? Are the seeds more defended? Anecdotally, I can attest that
its endosperm is much richer in tannins, which were affective against this seed predator. Sympatric
species pairs with similar differences in pollination exist throughout the genus Syagrus. This genus
also includes species of large plants in less seasonal environments, and some of the smallest palms in
the Americas, which produce only a few flowers per inflorescence (Noblick 2017). Is fruit abortion an
effective strategy to control brood pollinator abundance in all of these cases? Are these small species
also pollinated by beetles? If not, is this the ancestral or derived condition? Phylogenetically-aware
comparisons between species of Syagrus could increase our understanding on the conditions necessary
for the origin and maintenance of brood pollination mutualisms.

What are the consequences of species interactions for macroevolutionary

diversification?

In Chapter 4, I have found that patterns of genetic isolation between populations are uncorrelated
to the mode of interaction between insects and plants. However, population divergence leading
to speciation is only one of the processes determining macroevolutionary diversification rates. For
example, stronger population structure within species is not correlated with higher rates of diversi-
fication in lizards (Singhal et al. 2018). Therefore, it is still possible that antagonisms (Janz 2011),
mutualisms (Weiblen and Treiber 2015), or coevolution in general (Althoff, Segraves, and Johnson
2014) lead to higher diversification rates. Results in Chapter 4 suggest that coexistence could be more
common among pollinators than non-pollinators of Syagrus, which in turn could be a mechanism
leading to higher rates of diversification. I have been awarded a Doctoral Dissertation Improvement
Grant from the National Science Foundation to pursue this question in a phylogenetic framework.
Unfortunately, collecting, sorting, identifying and sequencing weevils associated with most species
of Syagrus proved to be more time-consuming than I initially expected, especially considering that
ddRAD could not generate a dataset across species (Chapter 4). While results are not yet mature
enough to be included in this thesis, I have already obtained phylogenetic data for about 250 species
of weevils visiting flowers of most species of Syagrus and selected outgroups and will soon be able to
use it to investigate macroevolutionary questions.

This phylogeny will also enable investigation of processes leading to the assembly of flower visitor
communities. Most Neotropical palms interact with a community of generalist and specialized flower
visitors. These palms vary in phenology, reproductive systems and several floral traits. Similarly,
insects vary in traits such as host specificity and flower resources consumed. With recent advances in
phylogenomic tools, a species-level phylogeny of palms is now attainable (Barrett et al. 2016). The
same applies to weevils, the main flower visitors of many of these palms, with the most important
bottleneck now being sampling and taxonomic expertise (McKenna et al. 2018). By combining
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information on phylogenies, geography and traits of palms and their flower visitors, we could study
the relative contribution of historical contingency and ongoing ecological processes in shaping these
complex interaction networks.
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this study, with Serrinha site highlighted in yellow. Photos show habitus in different
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F B.: Development of inflorescences of Syagrus coronata. A prior to anthesis
closed spathes are green. B one to two days prior to anthesis they turn yellow and
start to be attractive to some species of insects. C at the onset of staminate anthesis,
the inflorescence is entirely bright yellow. D basal part of inflorescene might also be
greenish yellow. E at the end of staminate anthesis, all staminate flowers are aborted,
tips of rachilae wither and pistillate flowers are green. A non-flowering period of
several days follow. F during pistillate anthesis, pistillate flowers turn yellow while

branches remain green.
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F B.: Development of flowers of Syagrus coronata. A beetles (Anchylorhynchus
trapezicollis, Andranthobius bondari, Microstrates ypsilon and Mystrops debilis) cluster-
ing around staminate flower close to anthesis. BWeevil Microstrates ypsilon forcing an
staminate flower open using its rostrum. C Beetles (Microstrates ypsilon and Mystrops
debilis) feeding on pollen of recently open staminate flower. DOpen staminate flower
with depleted pollen. E-L opening of pistillate flowers is protracted throughout
several hours. E day 1 17:10. F day 2 05:09. G day 2 06:49. H day 2 16:32. I day
2 18:38. J day 3 05:48. K day 3 16:46. L day 4 20:37. M Fully open pistillate
flower. N at the end of pistillate anthesis, flowers turn greenish brown as fruits start

to develop.
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F B.: Phylogenetic tree from COI barcode sequences. Accession numbers are
shown for sequences downloaded from NCBI Genbank. Red labels indicate larvae.

Bootstrap support values below 80 are omitted.
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T C.: Estimated migration rates. Chosen model with S.× costae diverging from
S. cearensis, alternative with S.× costae diverging from S. coronata North. Popula-
tions: 1 S. cearensis, 2 S. x costae, 3 S. coronata North, 4 S. coronata Center, 5 S. coro-
nata South, 6 S. kellyana, 7 S. vagans North, 8 S. vagans South, 9 S. botryophoraNorth,
10 S. botryophora South, 11 unsampled common ancestor of 1–6, 12 unsampled

common ancestor of all populations.

Chosen model
(Bézier score -211454.72)

Alternative model
(Bayes factor (log) 30.04)

Parameter Mode Mean 95% HPD Mode Mean 95% HPD

M2⇒1 14.5 14.5 6.8–22.0 14.5 14.6 6.8–22.0
M3⇒1 4.9 4.8 0.0–11.6 4.9 4.9 0.0–11.6
M4⇒1 29.5 29.5 21.8–37.0 29.1 29.2 21.6–36.6
M1⇒2 4.9 4.8 0.0–11.6 4.9 4.8 0.0–11.6
M3⇒2 4.5 4.5 0.0–11.2 4.5 4.5 0.4–8.4
M4⇒2 34.7 34.8 27.0–42.2 34.7 34.6 27.0–42.2
M1⇒3 4.9 4.8 0.0–11.6 4.9 4.8 0.0–11.6
M2⇒3 11.1 11.0 3.4–18.6 10.9 11.0 3.2–18.4
M4⇒3 32.7 32.6 25.0–40.2 31.9 31.8 24.2–39.2
M1⇒4 2.3 2.3 0.0–9.2 2.3 2.3 0.0–9.2
M2⇒4 3.3 3.3 0.0–10.2 3.3 3.4 0.0–10.2
M3⇒4 2.3 2.3 0.0–9.2 2.3 2.3 0.0–9.2
M5⇒4 11.7 11.7 4.0–19.0 11.1 11.2 3.6–18.6
M7⇒4 1.9 2.0 0.0–9.0 2.1 2.0 0.0–9.0
M8⇒4 4.3 4.4 0.0–11.2 4.5 4.4 0.0–11.2
M9⇒4 3.3 3.3 0.0–10.2 3.3 3.3 0.0–10.0
M4⇒5 30.5 30.4 22.8–38.0 29.5 29.4 21.8–37.0
M6⇒5 3.1 3.0 0.0–10.0 3.1 3.1 0.0–10.0
M8⇒5 4.9 4.9 0.0–11.6 4.9 4.9 0.0–11.6
M9⇒5 3.7 3.6 0.2–6.8 3.5 3.6 0.0–10.4
M10⇒5 3.1 3.1 0.0–10.0 3.1 3.1 0.0–10.0
M5⇒6 27.7 27.8 20.0–35.2 27.1 27.0 19.4–34.6
M8⇒6 12.7 12.7 5.0–20.0 12.7 12.8 5.2–20.2
M10⇒6 5.3 5.2 0.0–11.8 5.3 5.2 0.0–12.0
M4⇒7 15.9 15.8 8.2–23.2 15.9 16.0 8.4–23.4
M8⇒7 23.5 23.5 15.8–30.8 23.3 23.3 15.8–30.8
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T C.: (continued).

Chosen model
(Bézier score -211454.72)

Alternative model
(Bayes factor (log) 30.04)

Parameter Mode Mean 95% HPD Mode Mean 95% HPD

M4⇒8 7.3 7.3 0.2–14.2 7.5 7.4 0.2–14.4
M5⇒8 4.7 4.7 0.0–11.4 4.7 4.6 0.0–11.4
M6⇒8 3.1 3.1 0.0–10.0 3.1 3.1 0.0–10.0
M7⇒8 3.3 3.4 0.0–10.2 3.3 3.3 0.0–10.2
M9⇒8 4.5 4.6 0.0–11.2 4.5 4.5 0.0–11.2
M10⇒8 3.9 3.8 0.0–10.6 3.9 3.9 0.0–10.6
M4⇒9 5.7 5.7 0.0–12.4 5.7 5.7 0.0–12.4
M5⇒9 4.3 4.3 0.0–11.0 4.3 4.3 0.0–11.0
M8⇒9 5.7 5.7 0.0–12.4 5.7 5.7 0.0–12.4
M10⇒9 7.5 7.5 0.4–14.6 7.7 7.7 0.4–14.8
M5⇒10 4.9 4.9 0.0–11.6 4.9 4.9 0.0–11.6
M6⇒10 3.3 3.3 0.0–10.2 3.3 3.3 0.0–10.2
M8⇒10 6.9 6.9 0.0–13.6 6.9 6.9 0.0–13.6
M9⇒10 19.1 19.0 11.4–26.4 18.9 18.9 11.2–26.2
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T C.: Estimated population sizes and divergence times. Chosen model with
S.× costae diverging from S. cearensis, alternative with S.× costae diverging from S.
coronata North. Populations: 1 S. cearensis, 2 S. x costae, 3 S. coronata North, 4 S. coro-
nata Center, 5 S. coronata South, 6 S. kellyana, 7 S. vagans North, 8 S. vagans South,
9 S. botryophora North, 10 S. botryophora South, 11 unsampled common ancestor of

1–6, 12 unsampled common ancestor of all populations.

Chosen model
(Bézier score -211454.72)

Alternative model
(Bayes factor (log) 30.04)

Parameter Mode Mean 95% HPD Mode Mean 95% HPD

θ1 0.0038 0.0038 0.0011–0.0063 0.0039 0.0038 0.0014–0.0061
θ2 0.0052 0.0052 0.0025–0.0077 0.0052 0.0051 0.0025–0.0077
θ3 0.0037 0.0037 0.0010–0.0062 0.0037 0.0037 0.0010–0.0062
θ4 0.0151 0.0151 0.0124–0.0176 0.0151 0.0151 0.0124–0.0176
θ5 0.0129 0.0129 0.0102–0.0154 0.0129 0.0129 0.0102–0.0154
θ6 0.0040 0.0039 0.0013–0.0065 0.0040 0.0039 0.0013–0.0065
θ7 0.0042 0.0042 0.0015–0.0067 0.0042 0.0042 0.0015–0.0067
θ8 0.0040 0.0040 0.0013–0.0065 0.0040 0.0039 0.0013–0.0065
θ9 0.0048 0.0047 0.0021–0.0073 0.0048 0.0048 0.0021–0.0073
θ10 0.0047 0.0046 0.0020–0.0072 0.0047 0.0046 0.0020–0.0072
θ11 0.0198 0.0498 0.0149–0.0521 0.0312 0.0354 0.0266–0.0493
θ12 0.0465 0.0471 0.0426–0.0504 0.0394 0.0418 0.0325–0.0509
D11⇒1 23.0 32.0 16.7–28.8 48.1 51.4 34.0–52.5
D1⇒2 2.3 2.2 0.0–4.6 N/A N/A N/A
D3⇒2 N/A N/A N/A 3.4 6.5 0.0–8.4
D4⇒3 0.1 0.1 0.0–2.1 0.1 0.1 0.0–2.1
D5⇒4 2.8 2.7 0.1–5.2 2.4 2.4 0.0–4.7
D11⇒5 33.9 57.7 21.8–44.7 44.7 56.9 32.4–49.0
D11⇒6 33.3 43.6 24.2–50.3 17.8 42.9 6.6–22.8
D8⇒7 0.1 0.1 0.0–2.1 0.1 0.1 0.0–2.1
D12⇒8 43.2 54.7 29.1–50.9 39.0 37.7 19.0–44.3
D10⇒9 1.3 1.2 0.0–3.7 0.9 0.9 0.0–3.4
D12⇒10 45.3 59.2 8.8–50.7 33.8 50.9 21.3–42.2
D12⇒11 43.0 53.7 37.6–51.3 35.8 34.0 19.0–40.9
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T D.: Characterization of RAD-seq datasets. Max missing refers to the highest
amount of missing data per sample in the matrix of unlinked SNPs. Total missing is

the total amount of missing data in the same matrix.

Taxon Populations Samples SNPs Max missing Total missing
Anchylorhynchus trapezicollis OTU 1 13 47 2114 49.4% 14.8%
Anchylorhynchus trapezicollis OTU 2 10 36 1495 52.2% 15.2%
Anchylorhynchus trapezicollis OTU 3 3 5 1541 1.17% 0.70%
Andranthobius bondari OTU 1 12 38 563 56.3% 26.6%
Andranthobius bondari OTU 2 5 22 465 51.8% 15.1%
Celetes decolor OTU 1 8 20 416 54.3% 20.8%
Celetes decolor OTU 2 4 9 264 53.8% 20.3%
Celetes impar 13 47 1156 52.2% 12.7%
Dialomia polyphaga 9 18 488 59.0% 14.5%
Microstrates bondari OTU 1 5 23 656 48.3% 17.1%
Microstrates bondari OTU 2 1 1 N/A N/A N/A
Microstrates ypsilon 11 27 1065 53.9% 26.2%
Phytotribus cocoseae 5 26 1194 50.3% 14.5%
Remertus rectinasus 8 18 1485 48.6% 19.4%
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F D.: Morphology of Anchylorhynchus trapezicollis OTU 1 (A–C,E,G,I–J)
and OTU 2 (D,F,H). Black scales: 500 µm, white scales: 100 µm. A: OTU 1, cluster
C, B: OTU 1, cluster A (east), C: OTU 1, cluster B (in Syagrus botryophora). D,F:
OTU 2, cluster B (west) E,G: OTU 1, cluster A (west). Specimens D–G were
collected from the same inflorescence. H: Border of metasternal concavity in OTU
2, cluster B, showing the sharp edge of the concavity and stout plumose setae. I:
Border of metasternal concavity in OTU 1, cluster A, showing the more continuous
transition and elongated plumose setae. J: Plumose hairs in OTU 1, cluster B are

longer than those in specimens associated with Syagrus coronata.



Appendix D. Supplement Chapter 4 118

T D.: Parameter estimates for best migrate-n models. θ: population sizes,
M: migration (m/µ), D: divergence times. Populations labels (A,B,C) correspond to

groups in Figure 4.2, and ANC to common ancestor.

OTU Parameter Estimate

Anchylorhynchus trapezicollis OTU 1 θA 0.00577 (0.0038–0.0076)
θB 0.00717 (0.005–0.0092)
θC 0.01757 (0.01547–0.0196)
θANC 0.0229 (0.01747–0.02493)
MB⇒A 86.67 (0–493.3)
MA⇒B 86.67 (0–493.3)
MA⇒C 246.7 (0–640)
MB⇒C 73.33 (0–160)
DANC⇒A 29.17 (27.07–31.33)
DANC⇒B 43.17 (40.6–45.67)
DANC⇒C 16.37 (13.8–18.87)

Anchylorhynchus trapezicollis OTU 2 θA 0.00697 (0.0048–0.009)
θB 0.0095 (0.00733–0.01153)
θANC 0.0199 (0.0178–0.02193)
MB⇒A 273.3 (13.33–520)
MA⇒B 300 (0–693.3)
DANC⇒A 16.9 (13.27–19.73)
DANC⇒B 40.37 (37.8–42.87)

Celetes impar θA 0.0067 (0.00447–0.00887)
θB 0.0117 (0.00947–0.01627)
θC 0.0137 (0.01153–0.01573)
θANC 0.02257 (0.0204–0.0246)
MB⇒A 166.7 (0–560)
MC⇒A 166.7 (0–560)
MA⇒B 126.7 (0–240)
MC⇒B 313.3 (0–706.7)
MB⇒C 126.7 (0–533.3)
DANC⇒A 14.17 (12–16.27)
DANC⇒B 46.57 (44.47–48.6)
DANC⇒C 24.43 (22–26.67)
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T D.: (continued).

OTU Parameter Estimate

Dialomia polyphaga θA 0.00723 (0.00493–0.00973)
θB 0.00477 (0.0028–0.00667)
θANC 0.0249 (0.02267–0.0272)
MB⇒A 340 (0–733.3)
MA⇒B 326.7 (0–706.7)
DANC⇒A 32.3 (29.8–34.87)
DANC⇒B 46.77 (40.53–49.8)

Microstrates bondari OTU 1 θA 0.02003 (0.0152–0.02233)
θB 0.0169 (0.01487–0.01893)
θANC 0.0245 (0.02007–0.0268)
MA⇒B 1647 (1093–2187)
DANC⇒A 43.37 (40.93–45.73)
DANC⇒B 48.03 (45.4–50.93)

Remertus rectinasus θA 0.0055 (0.00333–0.0076)
θB 0.0037 (0.00153–0.00573)
θC 0.0225 (0.01973–0.02507)
θANC 0.0235 (0.02133–0.02553)
MB⇒A 113.3 (0–213.3)
MA⇒B 153.3 (0–546.7)
MA⇒C 1740 (1293–2160)
MB⇒C 1727 (1293–2133)
DANC⇒A 24.43 (20.67–27.27)
DANC⇒B 37.1 (34–40.33)
DANC⇒C 37.17 (34.87–39.4)
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