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ABSTRACT OF THE DISSERTATION

Diversity, disparity, and exploitation in the ray-finned fishes

by

Jonathan Chang

Doctor of Philosophy in Biology

University of California, Los Angeles, 2017

Professor Michael Edward Alfaro, Chair

Understanding the process that underlie the disparity in species richness across different

taxonomic groups is a fundamental question in evolutionary biology. Several difficulties

hinder deeper investigation into this field, namely the lack of high quality phylogenetic and

phenotypic data to appropriately test competing hypotheses. I use ray-finned fish (class

Actinopterygii), which comprise over half of all vertebrate diversity with 30,000 species

in 500 families, as a study system to understand the processes that generate biological

diversity. In chapter one, I combine previously-published molecular sequence data to

generate a new phylogeny of ray-finned fish containing over 11,000 species and time-

calibrate it using over 130 fossils. In chapter two, I develop a new method to collect large

amounts of morphological data using crowdsourcing. In chapter three, I develop a new

method to estimate completely sampled phylogenies using taxonomic information and

birth-death-sampling estimators. In chapter four, I present an accessible web resource to

distribute phylogenetic data about actinopterygian fishes. In chapter five, I estimate the

distribution of exploitation on the fish tree of life, and test whether certain lineages are

disproportionately exploited, and whether certain life history or ecological characteristics

predispose species to fishing pressure.
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EPIGRAPH

”Slayer.” Dareon appeared beside him, oblivious to Sam’s pain. ”A sweet night, for

once. Look, the stars are coming out. We might even get a bit of moon. Might be the

worst is done.”

”No.” Sam wiped his nose, and pointed south with a fat finger, toward the gathering

darkness. ”There,” he said. No sooner had he spoken than lightning flashed, sudden

and silent and blinding bright. The distant clouds glowed for half a heartbeat,

mountains heaped on mountains, purple and red and yellow, taller than the world.

”The worst isn’t done. The worst is just beginning, and there are no happy endings.”

”Gods be good,” said Dareon, laughing. ”Slayer, you are such a craven.”

— A Feast for Crows, Chapter 15, Samwell II.
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CHAPTER 1

The complete ray-finned fish tree of life using multilocus

molecular data, taxonomy, and birth-death models

1.1 Summary

Ray-finned fishes (Actinopterygii) represent nearly half of all known vertebrate diversity,

yet their evolutionary relationships and the timing of their diversification remain poorly

understood. Three recent manuscripts published by several groups (Rabosky et al. 2013,

Near et al. 2013, Betancur-R et al. 2013) have attempted to resolve this controversy with

large multilocus studies of sequenced nuclear and mitochondrial datasets. Here we present

a new multilocus phylogeny combining these and other datasets, representing all known

orders and most families of ray-finned fishes. This new time-calibrated phylogeny resolves,

to the species level, the relationships among nearly a third (c. 11,000 spp.) of all extant

actinopterygian diversity. We time-calibrate this phylogeny using a large fossil dataset

of 139 calibration points. We present a method to add unsampled species to a backbone

phylogeny using taxonomic constraints and constant-rate birth-death-incomplete sam-

pling estimators, and apply this method to our inferred molecular phylogeny to generate

a distribution of the complete ray-finned fish tree of life. We show that this method to

generate complete phylogenies using a combination of molecular data and taxonomic

placements improves estimates of diversification rates compared to an incompletely sam-

pled phylogeny of only molecular data. We also build a website, fishtreeoflife.org, to

disseminate our final phylogeny and taxonomy. Our completed tree inference and web

product will be useful for downstream comparative analyses at all levels of evolutionary

study.
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1.2 Matrix Assembly

To build a multilocus phylogeny, we first generated a multiple sequence alignment (MSA)

using PHLAWD. We then used nucleotide BLAST to identify and filter out sequences that

were likely to be misidentified or contaminated.

1.2.1 Baited sequence alignment with PHLAWD

PHLAWD uses a baited approach where sequences for a clade of interest are compared to

NCBI GenBank sequences and used to download homologous gene regions. We acquired

bait sequences for 24 genes from several sources: the “ETOL” set, from the Euteleost Tree of

Life project (Betancur-R et al. 2013), the “Rabosky” set (Rabosky et al. 2013), and the “Near”

set (Near et al. 2013). A full accounting of baited gene sources is available in Table 1.1.

All PHLAWD analyses used a modified version of the original software. The original

version of PHLAWD (github.com/blackrim/phlawd) entered maintenance mode in 2012,

and was subsequently modified by Cody Hinchliff (github.com/chinchliff/phlawd) to fix

a number of bugs and speed up analyses. Our modified version (github.com/jonchang/

phlawd) fixes other bugs and supports including daily updates in addition to the bimonthly

GenBank releases.

Our modified version of PHLAWD then assesses these homologous sequences for sat-

uration, and if saturated, broken up into sub-matrices aligned with MAFFT (Katoh and

Standley 2013) corresponding to a user taxonomy or guide tree. We conducted a PHLAWD-

mediated GenBank search for each gene with the parameters MAD (median average

deviation) = 0.01, coverage = 0.2, and identity = 0.2 for NCBI taxon Actinopterygii. Using

the NCBI taxonomy, these sub-matrices were then aligned together using profile alignment

as provided in MUSCLE (Edgar 2004). We used GNU Parallel (Tange 2011) to parallelize

this search, as the built-in parallelization in PHLAWD can occasionally stall using high

numbers of threads.

To further increase the genetic coverage of our dataset, we downloaded the full Barcode
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of Life (BOLD) database sequences (Ratnasingham and Hebert 2007) and extracted the

longest cytochrome oxidase subunit 1 (coi) gene for each species in Actinopterygii. We

also downloaded full mitochondrial chromosomes for each actinopterygian species and

extracted the nd2 and nd4 genes (Table 1.1, “mt-genome”). This preliminary alignment

included 15,606 species.

ETOL Rabosky Near BOLD* mt-genome*

12s 3

16s 3 3

4c4 3

coi 3

cytb 3

enc1 3 3 3

ficd
glyt 3 3 3

hoxc6a 3

kiaa1239 3

myh6 3 3 3

nd2 3

nd4 3

panx2 3

plagl2 3 3 3

ptr 3 3

rag1 3 3 3

rag2 3

rhodopsin 3 3

ripk4 3

sh3px3 3 3

sidkey 3

sreb2 3 3 3

svep1 3

tbr1 3 3 3

vcpip 3

zic1 3 3 3

Table 1.1: Gene sources for PHLAWD analyses. Sources marked (*) were not used for
baited PHLAWD searches and instead included directly into the character matrix. A full
distribution of the final alignment by species is shown in Figure 1.1.
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1.2.2 Alignment error-correction

To filter out misidentified sequences, we ran a local nucleotide BLAST search (Camacho et al.

2009) on our combined PHLAWD and mitochondrial sequences. Using the closest non-self

BLAST match, we ensured that no PHLAWD sequences matched with a high identity to a

species outside of the original species family, and checked for contamination by excluding

sequences that aligned with high identity to a non-actionpterygian such as Homo.

For example, the enc1 sequence for Amia calva (Accession EF032974.1), in family Ami-

idae, matches with 99.87% identity to Lepomis cyanellus (Accession KF139483.1), in family

Centrarchidae, despite there being other enc1 closer for this species. This specific sequence

was therefore excluded from the final analysis (Table 1.3).

We used previously described sequencing protocols (Near et al. 2013) to generate new

multilocus data for 442 species. These were directly added and aligned to the character

matrix. Alignments were then quality checked by eye to ensure that coding genes were in

frame. The distribution of genes on the final matrix is shown in Figure 1.1.

1.3 Taxonomic reconciliation

We wrote a custom web scraper in Python to download all accepted scientific names,

synonyms, and taxonomy for Actinopterygii fishes from FishBase (Froese and Pauly 2014).

We then loaded all aligned PHLAWD sequences into an SQLite database to record all

taxonomic changes in a consistent format.

We then used a custom Python script to attempt to reconcile the GenBank species

names against our known FishBase taxonomy. Species names were matched using the

following algorithms, in order:

1. Exact scientific name

2. Exact valid synonym

3. Exact common name
4
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Figure 1.1: Molecular character completeness by species and locus. Each cell in the
coverage matrix (right) corresponds to the presence of molecular data for that species
and locus combination, arranged by phylogenetic position (left) so that groups of related
species can be drawn as contiguous blocks of color. Loci are organized into blocks of
mitochondrial (gray background) and nuclear loci, and secondarily ordered by coverage
within major locus type.
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Matching method Count

Exact scientific name 11,368
Exact synonym 623
Manual taxonomic corrections 131
Unmatched-but-unambiguous 84
Exact scientific name, no subspecies 69
Fuzzy scientific name 61
Fuzzy synonym 12
Exact synonym, no subspecies 9

Table 1.2: Taxonomic reconciliation by match type

4. Exact scientific name without subspecies epithet

5. Exact valid synonym, without subspecies epithet

6. Apply manual taxonomic corrections

7. Fuzzy match against scientific names based on the gestalt pattern matching algorithm

(Ratcliff and Metzener 1988)

8. Fuzzy match against valid synonyms based on the gestalt pattern matching algorithm

9. Adding unambiguous-but-unmatched species with more than 2 genes, as these are

likely to be new species that had not yet been included in FishBase

After these automated mechanisms, we examined matches by hand and manually

corrected any mis-assignations, then checked for sequences that were identical, yet were

mapped to different species. Our taxonomic reconciliation process matched 46 of 46 orders

of fish (100%), 454 of 480 families (94.6%), and 3,368 of 4,853 genera (69.4%), as measured

against FishBase. The method for how these matches were accomplished is available in

Table 1.2.
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1.4 Rogue search with RogueNaRok

To eliminate rogue taxa, which reduce the bootstrap support of phylogenies due to their

unstable position, we conducted a RogueNaRok analysis (Aberer et al. 2013) and searched

for sets of up to 3 species that could be dropped to improve bootstrap support on an

unconstrained phylogenetic analysis. RogueNaRok iteratively removes taxa and estimates

their impact on bootstrap support; this impact is dependent on the identity of all other

taxa removed before it. We therefore excluded all taxa or sets of taxa up to the point where

dropping any subsequent taxa would fail to improve bootstrap support by more than 1. A

total of 645 species were removed in this manner, with 152 and 102 species removed as

part of a 2-species and 3-species set, respectively.

1.5 Tree search with RAxML

We conducted an initial tree search using RAxML v8.1.17 (Stamatakis 2014) using the

fast ML search convergence criterion for large trees (option -D) and the SEV-based imple-

mentation for gap columns (option -U, Izquierdo-Carrasco et al. 2011). The analysis took

approximately 4 days of wall-clock time on a 24-core Intel Xeon E5-2690V3 x2 compute

machine.

We then generated individual family-level phylogenies by extracting the subtree de-

scended from the most recent common ancestor of all species in each family, and automati-

cally marked descendent taxa that were from outside the focal family. We then assessed the

quality of the phylogeny on a family-by-family basis, and marked any taxa that exhibited

rogue behavior (Table 1.3).

We then removed tips that had extremely long branches, as these potentially indicated

areas of poor sequence quality or alignment. Using the final filtered dataset, which

contained 11,644 tips, we reran a maximum likelihood analysis in RAxML and computed

node support values using the SH-like statistic, as it is conservative at estimating support

values like standard bootstrapping but runs much faster (Anisimova and Gascuel 2006,
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Anisimova et al. 2011).

gene n gene n

12s 27 ptr 13
16s 84 rag1 27
4c4 17 rag2 6
coi 175 rhodopsin 20
cytb 70 ripk4 8
enc1 9 sh3px3 8
ficd 14 sidkey 8
glyt 1 sreb2 4
hoxc6a 7 svep1 6
kiaa1239 5 tbr1 11
myh6 15 vcpip 8
panx2 11 zic1 14
plagl2 9 total sequences 577

Table 1.3: Gene sequences excluded due to rogue behavior or high identity BLAST matches
outside of their species’ assigned family.

1.6 Fossil calibrations

We devised an extensive list of fossil-based minima for divergences in actinopterygian

phylogeny. Many of these derived from past molecular clock analyses, but others are new

to this study. Extinct taxa, along with relevant phylogenetic and age justifications, are

supplied in Table 1.4. We applied these fossils as node-based calibrations, with upper

age bound specified by a modified implementation of the Whole Tree Extension of the

Hedman Algorithm (WHETA, Hedman 2010, Lloyd 2016). This approach yields probabilis-

tic maximum age constraints on given nodes based on: a minimum age specified by the

oldest fossil descended from that node; the stratigraphically consistent sequence of older

fossil outgroups to that node; and a hard maximum age defined by the investigator.

Concatenated outgroup-age sequences were submitted to the Hedman (2010) algorithm,

with a hard upper age constraint of 430 Ma. This choice of maximum age is unlikely

to bias our estimates substantially, as we only applied this method for nodes within

8
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Figure 1.2: Phylogenetic placement of fossil calibrations in major fish lineages. Major
lineages are broken into subclades (top) to visualize fossil calibrations and are colored
by taxonomic order. Numbered nodes correspond to Table 1.4: Fossil Calibrations. The
same calibrations are red circles in the full phylogeny (bottom). Abbrevations: A+E+S:
Argentiniformes, Esociformes, Salmoniformes; G+O+S: Osmeriformes, Galaxiiformes,
Stomiatiformes; A+E+L+P: Acipenseriformes, Elopiformes, Lepisosteiformes, Polypteri-
formes; P+Z: Percopsiformes, Zeiformes; G+G: Gonorynchiformes, Gymnotiformes; C+U:
Chaetodontiformes, Uranoscopiformes; C+S+P: Centrarchiformes, Scombriformes, Perci-
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the actinopteran crown where times of origin are generally accepted to be substantially

younger than this Silurian bound. In practice, the credible intervals estimated by the

algorithm are relatively insensitive to the choice of the hard maximum age constraint.

Table 1.4: Fossil calibrations used in the new phylogeny

ID Fossil taxon Minimum Maximum

1 Polypterus faraou 7 n/a
2 Protopsephurus luii 120.8 233.77
3 Polyodon tuberculata 63.1 177.68
4 Watsonulus eugnathoides 251.2 n/a
5 Anaethalion zapporum 151.2 192.78
6 Arratiaelops vectensis 126 157.95
7 Atractosteus falipoui 93.9 145.37
8 Baugeichthys caeruleus 129.4 173.63
9 Anguilla ignota 47 120.60

10 Serrivomer sp. 12.62 87.40
11 Echelus branchialis 53.7 148.62
12 Paralycoptera wui 107 159.70
13 Joffrichthys symmetropterus 58.551 138.12
14 Palaeonotopterus greenwoodi 93.9 142.68
15 Leptolepides haerteisi 150.94 177.47
16 Tischlingerichthys viohli 150.94 167.14
17 Trollichthys bolcensis 49 124.51
18 Eoengraulis fasoloi 49 150.44
19 Dorosoma petenense 1.8 117.52
20 Rubiesichthys gregalis 126.3 155.78
21 Characiformesindet. 93.9 143.01
22 Humboldtichthys kirschbaumi 7.246 117.69
23 Megapiranha paranensis 6 88.33
24 Lignobrycon ligniticus 24.5 91.06
25 Megacheirodon unicus 24.5 119.07
26 Salminus noriegai 7.246 63.10
27 Corydoras revelatus 39.5 99.30
28 Taubateia paraiba 24.5 75.23
29 Cetopangasius chaetobranchus 5.333 94.60
30 Astephus sp. 59.36 123.17
31 Ameiurus pectinatus 33.97 98.58
32 Pylodictis olivaris 16.3 73.03
33 Brachyplatystoma promagdlaena 12.8 74.60
34 Chrysichthys mahengeensis 45 100.11
35 Synodontis sp. 28.1 77.18
36 Amyzon aggregatum 48.88 121.74
37 Cyprinus maomingensis 40.14 97.506
38 Huashancyprinus robustispinus 23.03 73.13
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Table 1.4: Fossil calibrations used in the new phylogeny

ID Fossil taxon Minimum Maximum

39 Macropinna sp 7.246 107.96
40 Estesesox foxi 76.4 139.75
41 Esox kronneri 51.57 114.07
42 Eosalmo driftwoodensis 51.43 113.95
43 Hucho sp. 15.4 85.95
44 Oncorhynchus (’Smilodonichthys’) rastrosus 8.2 60.97
45 Oncorhynchus keta 4.8 40.55
46 Paravinciguerria praecursor 93.9 142.01
47 Speirsaenigma lindoei 56.83 118.46
48 Sigmops sp. 12.62 88.65
49 Polypnoides laevis 41.3 116.39
50 Argyropelecus sp. 32.02 91.37
51 Argyropelecus logearti 12.62 66.09
52 Chauliodus testa 7.246 87.64
53 Chauliodus sloani 2.588 59.91
54 Stomias affinis 5.33 60.59
55 Galaxias effusus 23 133.81
56 Apateodus glyphodus 103.13 159.40
57 Alepisaurus ’ferox’ 15.97 132.84
58 Eomyctophum koraense 32.02 116.47
59 Bolinichthys sp. 5.33 87.37
60 Homonotichthys dorsalis 93.6 125.92
61 Massamorichthys wilsoni 63.1 94.31
62 Trichophanes foliarum 33.07 78.36
63 Cretzeus rinaldii 69.71 108.29
64 Zenopsis clarus, Zenopsis tyleri, and Zenopsis hoernesi 32.02 90.18
65 Rhinocephalus planiceps 53.7 92.87
66 Nezumia lindsayi 41.3 77.48
67 Merluccius cf. merluccius 5.333 43.59
68 Gaidropsarus pilleri 13.53 59.80
69 Gadiculus cf. jonas 5.333 43.59
70 Bregmaceros filamentosus 41.3 77.48
71 Aipichthys velifer 98 142.86
72 Turkmene finitimus 54.17 119.25
73 Eolophotes lenis 41.3 96.16
74 Trachipterus mauritanicus 5.333 70.37
75 Stichocentrus liratus 98 126.91
76 Berybolcensis leptacanthus 49 106.58
77 Hoplopteryx lewesensis 93.6 114.14
78 Gephyroberyx robustus 32.02 97.35
79 Miobarbourisia aomori 9.83 96.05
80 Phyllophyarngodon longipinnis 49 79.89
81 Calotomus priesli 13.53 48.13
82 Tautoga sp. 15 62.77
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Table 1.4: Fossil calibrations used in the new phylogeny

ID Fossil taxon Minimum Maximum

83 Caruso brachysomus 49 79.89
84 Eosladenia caucasica 38 66.25
85 Tarkus squirei 49 68.45
86 Eophryne barbutii 49 60.82
87 Oneiroides sp. 7.42 50.56
88 Antennarius monodi 5.333 49.96
89 Ctenoplectus williamsi 53.7 80.82
90 Eolactoria sorbinii 49 69.59
91 Oligolactoria bubiki 30.28 57.88
92 Eospinus daniltshenkoi 54.17 81.25
93 Protacanthodes nimesensis 49 69.59
94 Carpathospinosus propheticus 26.93 57.59
95 Oligobalistes robustus 32.02 66.67
96 Balkaria histiopterygia 55.8 94.38
97 Austromola angerhoferi 21.12 75.55
98 Heptadiodon echinus 49 79.89
99 Archaeotetraodon winterbottomi 32.02 65.48

100 Eoscatophagus frontalis 49 62.72
101 Siganopygaeus rarus 54.17 70.72
102 Luvarus necopinatus 54.17 81.25
103 Eozanclus brevirostris 49 69.59
104 Proacanthurus tenuis 49 61.58
105 Malacanthus carosii 13.53 39.37
106 Lopholatilus chamaeleonticeps 13.82 51.73
107 Chaetodontidae indet. (Tholichthys larval stage) 29.62 66.09
108 Chaetodon ficheuri 5.333 50.81
109 Astroscopus countermani 7.246 38.13
110 Archoplites clarki 15.4 52.33
111 Gasterosteus cf. wheatlandi 13.1 39.39
112 Argestichthys vysotzkyi 54.17 94.42
113 Eocoelopoma portentosum 54.17 80.88
114 Eochampsodon elongatus 38 92.15
115 Gasterorhamphosus zuppichinii 69.71 109.38
116 Gerpegezhus paviai 55.8 94.38
117 Hippocampus samarticus 49 79.89
118 Carlomonnius quasigobius 49 93.62
119 Lepidocottus aries 23.03 74.76
120 Anchichanna kuldanensis 41.3 78.65
121 Eolates gracilis 49 79.89
122 Mene purdyi 55.2 94.59
123 Ductor vestenae 49 68.45
124 Oligoremora rhenana 29.62 56.87
125 Scomberoides spinosus 19.3 55.47
126 Eastmanalepes primaevus 49 79.89
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Table 1.4: Fossil calibrations used in the new phylogeny

ID Fossil taxon Minimum Maximum

127 Heteronectes chaneti 49 79.89
128 Sphyraena bolcensis 49 68.45
129 Eobothus minimus 49 68.45
130 Oligopleuronectes germanicus 29.62 50.05
131 Oligobothus pristinus 29.62 50.05
132 Eubuglossus eocenicus 41.2 59.10
133 Bothus sp. 11.056 41.25
134 Palaeopomacentrus orphae 49 68.45
135 Mahengechromis spp 45 67.73
136 Gymnogeophagus eocenicus 39.5 57.87
137 Nandopsis woodringi 3.6 45.85
138 Ramphexocoetus volans 49 79.89
139 Francolebias aymardi 28.1 64.70

The final time-calibrated phylogeny is shown in Figure 1.1, and a breakdown of where

fossil calibrations are placed on the phylogeny are Figure 1.2.

1.7 Placing unsampled species

We compared the taxonomic classification across Fishbase (Froese and Pauly 2014), the

Catalog of Fishes (Eschmeyer et al. 2017), and the Euteleost Tree of Life project (Betancur-

R et al. 2013). Based on these taxonomic authors, we built a new classification scheme

and explored shallower phylogenetic groups where non-monophyly was found in our

phylogeny. This combined “Phylogenetic Fish Classification” was then used for the

purpose of taxonomic back-filling of taxa without molecular data or those that were

removed during the curation stage. Using the time-calibrated phylogeny as a backbone,

we generated a distribution of trees where missing taxa were placed according to our PFC

taxonomy.

For each of the unsampled species of ray-finned fish, we assigned the most restrictive

taxonomic rank (e.g., genus, family, order) that was recovered as monophyletic in our

maximum likelihood phylogeny. We computed rank-specific estimates of the speciation

and extinction rate under a constant rate model, conditioned on the sampling fraction
13



Figure 1.3: One realization of the all-taxon assembled (ATA) phylogeny. Black edges
indicate lineages that were inferred using genetic data, blue indicate single species that
were placed taxonomically, and red indicates entire clades that were placed taxonomically.
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(Stadler 2009), and used these rates to generate waiting times for unsampled species.

However, if the taxonomic node had fewer than 3 tips, or if the probability of sampling

the crown age of that node given the number of sampled taxa (Sanderson 1996) was less

than 0.8, we searched all the ancestors of that taxonomic node that fulfilled the previous

criteria. The generated waiting times were bounded between the crown age of that clade

and the present time (t = 0). However, if the crown capture probability was less than

0.8, the maximum generated age was extended to the stem age of the taxonomic node. If

placement was impossible due to monophyletic constraints (see below), the waiting time

was then bounded between the stem age and the crown age of that taxonomic node.

These waiting times were used to randomly attach unsampled species to an existing

branch within their assigned taxonomic rank, as long as these new species did not break

the monophyly of nodes that were recovered as monophyletic and assigned a taxonomic

rank, and constrained to not produce negative branch lengths due to a child node being

added that was older than a parent node. If all of the child branches of a taxonomic node

belonged to a monophyletic node, or if the crown capture probability was less than 0.8, the

new species was instead assigned to the stem of that clade.

This procedure is similar to stochastic polytomy resolution as implemented in PASTIS

(Thomas et al. 2013), but permits construction of extremely large phylogenies using all

molecular data in a single analysis, rather than a two-stage process that begins with a

reduced backbone dataset followed by separate tree searches for each crown lineage that

jointly estimate the placement of species with and without molecular data. Additionally,

our procedure produces a local estimate of diversification rate at every taxonomic rank,

rather than computing a single rate at the rank at which the crown lineages will be grafted

onto the backbone phylogeny. This permits a more accurate placement of unsampled taxa

as diversification rate heterogeneity below the order or family level might significantly

bias the inferred waiting times.

These functions were all implemented in a custom Python script based on the code

from the R packages TreePar and SimTree (Stadler 2009, 2011a,b). This procedure was

repeated 100 times to generate a distribution of fully-sampled ray-finned fish phylogenies,
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which we term as the all-taxon assembled (ATA) trees (Figure 1.3). Our distribution of

ATA phylogenetic trees of ray-finned fishes contained 31,526 species.

1.8 Estimating diversification rates
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Figure 1.4: Estimates of the equal-splits (DR) rates measure compared between the molecu-
lar phylogeny (orange) and complete ATA phylogeny (purple). The points for the complete
phylogeny represent the median of all DR calculations conducted on the 100 ATA phyloge-
nies; the grey bars indicate the interquartile range of DR rate estimates.

We estimated speciation rates across the ATA phylogenies using DR (Jetz et al. 2012,

Equation 1.1), a summary statistic that infers recent speciation rates for all tips in the

phylogeny without requiring a formal parametric inference model:

DR =

(
N1

∑
j1

lj
1

2j−1

)−1

(1.1)

where, for any given species, N is the number of branches from root to tip, j is the depth
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of the branch, and lj is the length of the branch j. DR can be intuitively described as

the ”splitting rate” of a tip, with the contribution of splits farther in the past decaying

exponentially.

Taxonomically-placed species that lack genetic data may bias inference in certain

scenarios, particularly when considering hypotheses of trait evolution (Rabosky 2016).

However, when estimating the DR statistic, bias is actually reduced as DR requires an

accurate estimate of the number of nodes from the tips to the roots. Adding unsampled

taxa increases the DR statistic for approximately two-thirds of species with molecular

information, improving the estimates of speciation rate for large, incompletely sampled

phylogenies (Figure 1.4). Furthermore, uncertainty in the placement algorithm, expressed

as the paraphyly of the group of interest, will cause the species that the algorithm is trying

to place to be assigned to the next highest monophyletic rank available. In practice, this

tends to place species in more inclusive (and therefore older) groups, having the ultimate

effect of diluting any signal of atypically-fast speciation rates. The placement of these

unsampled taxa are therefore conservative for the purposes of diversification analyses.

1.9 Results and Discussion

In this study, we have improved on previously-published phylogenies of ray-finned fishes

by nearly doubling the previous extent of taxon sampling (Rabosky et al. 2013). Fur-

thermore, we have leveraged taxonomic information to generate a complete distribution

of taxonomically informed species placements, for a complete fish tree of life similar to

efforts in the birds (Jetz et al. 2012). Our improved phylogeny incorporates more fossil

calibrations and more sequences; these new sequences represent a significant advance on

the state-of-the-art as we require no monophyletic calibrations and let the data fully inform

the branching relationships in our phylogeny. In subsequent chapters, I will discuss the

taxonomically informed species placement algorithm in detail, and present new work

showcasing our fish tree of life via a web portal.
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Crowdsourced geometricmorphometrics enable rapid
large-scale collection and analysis of phenotypic data

JonathanChang1* andMichael E. Alfaro1
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Summary

1. Advances in genomics and informatics have enabled the production of large phylogenetic trees. However, the

ability to collect large phenotypic data sets has not kept pace.

2. Here, we present a method to quickly and accurately gather morphometric data using crowdsourced image-

based landmarking.

3. We find that crowdsourced workers perform similarly to experienced morphologists on the same digitization

tasks. We also demonstrate the speed and accuracy of our method on seven families of ray-finned fishes

(Actinopterygii).

4. Crowdsourcing will enable the collection of morphological data across vast radiations of organisms and can

facilitate richer inference on the macroevolutionary processes that shape phenotypic diversity across the tree of

life.

Key-words: Actinopterygii, comparative methods, large-scale annotation, macroevolution,
Mechanical Turk

Introduction

Integrating phenotypic data, such as anatomy, behaviour,

physiology and other traits, with phylogenies is a powerful

strategy for investigating the patterns of biological evolution.

Recent advances in next-generation sequencing (Meyer, Sten-

zel & Hofreiter 2008; Shendure & Ji 2008) and sequence cap-

ture technologies (Faircloth et al. 2012; Lemmon, Emme &

Lemmon 2012) havemade phylogenetic inference of large radi-

ations of organisms possible (McCormack et al. 2012, 2013;

Faircloth et al. 2013, 2015). However, similar breakthroughs

for generating new phenotypic data sets have been compara-

tively uncommon, likely due to the high expense and effort

required (reviewed in Burleigh et al. 2013).

Creating these large phenotypic data sets has generally

required an extended dedicated effort of measuring and

describing morphological or behavioural traits that are then

coded into a comprehensive data matrix. One such example is

the Phenoscaping project (http://kb.phenoscape.org; Deans

et al. 2015), and related efforts in the Vertebrate Taxonomy

Ontogeny (Midford et al. 2013) and Hymenoptera Anatomy

Ontology (Yoder et al. 2010), which require large amounts of

researcher effort to collate. Other approaches include using

machine learning (Dececchi et al. 2015), machine vision (Cor-

ney et al. 2012a, b) or natural language processing (Cui 2012)

to identify or infer phenotypes. These statistical techniques

function ideally with either a large training data set (e.g., a pre-

defined ontogeny data base) or a complex model (Brill 2003;

Halevy,Norvig&Pereira 2009;Hastie, Tibshirani&Friedman

2009), both of which also require intensive researcher effort to

build and validate. Finally, methods such as high-throughput

infrared imaging, mass spectrometry and chromatography

have been successfully used in plant physiology (Furbank &

Tester 2011) and microbiology (Skelly et al. 2013), but these

methods may not be applicable for zoological researchers.

These approaches all share a similar goal of collecting large

comparative data sets, but also require large investments in

researcher effort. This bottleneck in researcher availability has

limited the scope of work in comparative biology.

Although it is now possible to build phylogenetic trees with

thousands of tips, and phenotypic data sets have similarly been

growing larger and larger, studies at this scale tend to be lim-

ited to a few broad types of traits, including geographic occur-

rences (Jetz et al. 2012), one or two continuous characters

(Harmon et al. 2010; Rabosky et al. 2013), a single discrete

character (Goldberg et al. 2010; Aliscioni et al. 2012; Price

et al. 2012), or some combination of these (Pyron & Burbrink

2014; Zanne et al. 2014). Most morphological evolutionary

studies are constrained by a fundamental trade-off in effort.

Although the collection of detailed phenotypic measurements

is often required to fully analyse complex form–function or

ecology–phenotype relationships (Schluter 2000; Alfaro, Bol-

nick & Wainwright 2004 2005; Wainwright et al. 2005; Collar

& Wainwright 2006; Price et al. 2010; Fr!ed!erich et al. 2013),

rich methods of data collection such as computed tomography

(CT) scanning are time intensive and do not permit easy scaling

to hundreds or thousands of species. Analysis ofmore complex

traits at this scale has the potential to greatly enrich our under-

standing of macroevolutionary processes, by permitting more

refined hypothesis testing.*Correspondence author: E-mail: jonathan.chang@ucla.edu
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Here, we present a method and toolkit to efficiently collect

two-dimensional geometric morphometric phenotypic data at

a high-throughput ‘phenomic’ scale. We developed a novel

web browser-based image landmarking application and use

Amazon Mechanical Turk (https://www.mturk.com) to dis-

tribute digitization tasks to remote workers (hereafter turkers)

over the Internet, who are paid for their contributions. We

evaluate the accuracy and precision of turkers by assigning

identical image sets and digitization protocols to users who are

experienced with fish morphology (hereafter experts), and

compare the inter- and intra-observer differences between

turkers and experts. To illustrate the efficiency of this

approach, we construct a phylogenetic analysis pipeline to

download photographs and phylogenies of seven actinoptery-

giian families from the web, collect Mechanical Turk shape

results, analyse the body shape evolution using BAMM

(Rabosky 2014) and compare the time required for this work-

flow to traditional approaches. Although we focus on collect-

ing two-dimensional geometric morphometric data, we

address the challenges that will be common to all studies that

crowdsource phenotypic data. We also discuss the role that

crowdsourcing is best suited in large-scale morphological anal-

yses, and suggest ways to integrate crowdsourced data as part

of larger initiatives to digitize biodiversity.

Materials andmethods

AMAZON MECHANICAL TURK

Amazon Mechanical Turk (‘MTurk’) is a web-based service where

Requesters can request work, known as Human Intelligence Tasks

(‘HITs’) to be performed by Workers. Workers submit the tasks over

the Internet, where Requesters review the completed work, and, if they

are satisfied with the results, accept the work and pay theWorker (for a

detailed overview, see Mason & Suri 2012). We use MTurk as a plat-

form to distribute our geometric morphometric tasks and financially

compensate the worker accordingly. Scientific collection of data over

MTurk and similar services has generally been limited to the fields of

psychology and computer science, and there have been few attempts to

crowdsource biological trait data (Burleigh et al. 2013).

WEB-BASED GEOMETRIC MORPHOMETRICS

Wedeveloped an geometric morphometric digitization application that

runs completely on the user’s local web browser, using the HTML5

Canvas interface. This simplifies the infrastructure challenge of needing

to serve many crowdsourced workers simultaneously, since work-

ers will not need to download desktop software such as tpsDig

(http://life.bio.sunysb.edu/ee/rohlf/software.html) before generating

data. The web application is configured with a JavaScript Object Nota-

tion (JSON) file that describes the landmarks necessary to complete an

image digitization task (Fig. S1). Point landmarks, semilandmark

curves and linear measurements are all supported. The software is

available at https://github.com/jonchang/eol-mturk-landmark.

Although digitizing and landmarking a single image (microtasks

sensu Good & Su 2013) is effective for high-throughput work on

MTurk, it is unsuitable for conducting controlled experiments. To

solve this issue, we also created a server-side application backend that

automatically distributes tasks according to a configurable set of

images and experimental protocol. This application mimics an official

Amazon Mechanical Turk interface endpoint, to facilitate drop-in

replacement for an existing MTurk workflow. External non-MTurk

workers can also participate in the same experiment, ensuring consis-

tent comparisons across separate groups. The software is available at

https://github.com/jonchang/fake-mechanical-turk.

RELIABIL ITY ANALYSIS

Collecting landmark-based geometric morphometric data at a broad

scale permits detailed analysis of different sources of error, such as

among- and within-observer variation (Von Cramon-Taubadel et al.

2007). To assess whether the quality of data gathered by workers

recruited through AmazonMechanical Turk was significantly different

than traditionally collected data, we asked turkers (n = 21) and experts

(n = 8) to landmark a set of five fish images, five times each. Turkers

were compensated $25 for the entire task. All participants used the

same protocol (Appendix S2) and same software to digitize the same

set of fishes (Tables S1 and S2). The landmarks were carefully selected

based on previously published literature concerning fish shape (Fig. S2;

Fink & Zelditch 1995; Cavalcanti, Monteiro & Lopes 1999; R€uber &

Adams 2001; Klingenberg, Barluenga & Meyer 2003; Chakrabarty

2005; Fr"ed"erich et al. 2008; Claverie & Wainwright 2014; Thacker

2014). We also ensured that the chosen landmarks included morpho-

logical features that were relatively straightforward to digitize (e.g. the

position of the eye) and features that were likely to bemore challenging

to digitize (e.g. themost anterior andmost dorsal points of the preoper-

cle), in order to test for turker and expert differences over a spectrum of

difficulties. We report the interobserver reliability for turkers and

experts by computing the ratio of the among-individual and the sum of

the among-individual and measurement error variance components in

a repeated measures nested MANOVA (Palmer & Strobeck 1986; Zel-

ditch, Swiderski & Sheets 2012). To test whether workers were consis-

tently measuring the same shape, we examined the per-worker

consistency, as estimated by the morphological disparity (Procrustes

variance; Zelditch, Swiderski&Sheets 2012) of eachworker’smeasured

shapes. We then summarized the consistency within groups and com-

pared the median consistency of turkers and experts. To determine

whether turkers improved with experience, we excluded the first three

images that turkers worked on, and calculated the distance between

their mean shape and themean shape of experts.We then repeated this,

but without excluding the first three images that turkers digitized. To

determinewhether turkers worked faster with experience, we compared

the time it took turkers to complete their first image compared to their

fifth image.

To assess the differences between turker and experts on a per-land-

mark basis, we first compared for each landmark the median position

of all turkers to themedian position of all experts.We assumed that the

expert median was the true position of that landmark, and calculated

the absolute Euclidian distance in pixels. Larger distances would indi-

cate low turker accuracy, while smaller distances would indicate high

turker accuracy. Because the specimens digitized in this study varied in

size, we also report turker accuracy as both distance in millimetres and

as a fraction of the specimen’s total length (TL).We then examined the

variance in turker landmarks. For each landmark, we rotated the cloud

of points to maximize variance in one dimension, and calculated the

log-ratio of median absolute deviations (MAD) between turkers and

experts. This rotation is a conservative approach for assessing the dif-

ference in variance between these two groups, because it maximizes any

apparent differences in landmark position. A positive log-ratio indi-

cated that experts had lower variance than turkers, while a negative

log-ratio indicated that turkers had lower variance. For all subsequent
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analysis, we excluded landmarks where turkers performed especially

poorly, where either the accuracy or precision components for a given

landmark exceeded 1!5 times the interquartile range of that compo-

nent.

To determine whether turkers and experts were statistically distin-

guishable, we performed a nonparametric MANOVA using the random-

ized residual permutation procedure (RRPP) with 1000 iterations

(Collyer, Sekora &Adams 2015). The RRPPmethod reduces the effect

of the ‘curse of dimensionality’ (P >> n, where the number of predic-

tors greatly exceeds the number of observations), a common problem

in geometric morphometrics, and has been shown to have increased

statistical power compared to a method where the raw data are ran-

domized instead (Anderson & Braak 2003). We test for a difference

between mean turker and expert shapes against a null model of no

difference between turker and expert changes, taking into account spe-

cies-specific differences. A difference between models was considered

significant if theP-valuewas less than a = 0!05.
As a separate test, we use linear discriminant analysis (LDA, Ripley

1996), a statistical classification algorithm that finds features to differ-

entiate between different classes of data, in this case turkers and experts.

We assessed the accuracy of the LDA classification using 10-fold cross

validation (CV), which splits our data into 10 equally sized groups,

using nine for training and one for validation (Kohavi 1995; Hastie,

Tibshirani & Friedman 2009). An acceptable misclassification rate var-

ies depends on application, but here we use a 25%misprediction rate as

a standard for sufficient accuracy. This is a highly forgiving standard,

since a 50%misprediction rate is no better than a coin flip, and a 25%

misprediction rate would still erroneously classify one in four turkers as

experts or vice versa. We also use quadratic discriminant analysis

(QDA), which relaxes some of the assumptions of LDA, and similarly

report theQDAmisclassification rate.

We calculated the per-individual median shape for each species used,

as well as the consensus turker andmorphologist shapes, and projected

these shapes into Procrustes space, to visualize the orthogonalized dif-

ferences inmedian shape among and between the types of digitizers.

EXAMPLE: A PHENOMIC PIPELINE FOR COMPARATIVE

PHYLOGENETIC ANALYSIS

Acommon strategy in fish comparative studies is to examine evolution-

ary dynamics within a single family (Ferry-Graham et al. 2001; Alfaro,

Bolnick & Wainwright 2005; Alfaro, Santini & Brock 2007; Rocha

et al. 2008; Hernandez, Gibb & Ferry-Graham 2009; Dornburg et al.

2011; Fr!ed!erich et al. 2013; Santini, Sorenson&Alfaro 2013; Sorenson

et al. 2013; Claverie & Wainwright 2014; Thacker 2014), potentially

due to the extensive amount of time necessary to collect data. To

demonstrate the utility of obtaining comparative data using our

method, we use previously published phylogenies for seven fish fami-

lies: Acanthuridae (Sorenson et al. 2013), Balistoidae, Tetraodontidae

(Santini, Sorenson & Alfaro 2013), Apogonidae, Chaetodontidae,

Labridae (Cowman & Bellwood 2011; Choat et al. 2012), and Poma-

centridae (Fr!ed!erich et al. 2013).Wematch species in these phylogenies

to left-lateral images from the Encyclopedia of Life (http://eol.org/)

using their application programming interface (Table S5; Parr et al.

2014). Crowdsourcedworkers placed landmarks describing body shape

variation following a standard protocol (Appendix S2) and were com-

pensated $0!15 per completed image.

To test whether our method could be faster than a single expert digi-

tizing a data set, we extrapolated the time it would take for a single

expert to measure all images at 19 replication, based on the average

time an expert took to digitize a single image. We compared this

predicted measurement time to the total time required for turkers to

complete all digitization tasks at 59 replication, from initial upload to

final submission. If the turkers in aggregate annotated images more

quickly than a single expert would have, this suggests that the paral-

lelization afforded by crowdsourcing is effective at reducing the total

time required for data collection.

The Cartesian position of turker-collected landmarks was used in a

generalized Procrustes analyses (Gower 1975; Rohlf & Slice 1990),

which centres, scales and rotates landmark configurations to minimize

the least-squares distance between shapes. We then determined the

major components of shape variation using a Procrustes-aligned princi-

pal components analysis (PCA) (Mardia, Kent & Bibby 1979; Book-

stein 1991) with the R package geomorph (Adams & Otarola-Castillo

2013), and retain the principal component axes whose eigenvalues

exceeded the corresponding random broken-stick component (Jackson

1993; Legendre&Legendre 1998) for all subsequent analyses.

To illustrate the potential of how crowdsourcing could be integrated

into an pipeline that could allow rapid collection and analysis of pheno-

typic data, we used Bayesian Analysis of Macroevolutionary Mixtures

(BAMM; Rabosky 2014) to estimate rates of body shape evolution for

all seven families. BAMM estimates the location of rate shifts in char-

acter evolution using a transdimensional (reversible jump) Markov

Chain Monte Carlo method that samples a variety of models of trait

evolution. Any missing trait data is treated as a latent variable in the

analysis. We assessed convergence and mixing using Tracer (Rambaut

et al. 2014). We also repeated each analysis and simulated under the

prior (without data) to exclude rate heterogeneity that occurred solely

due to stochastic processes. We use a Bayes Factor criterion of BF > 5

to enumerate the set of credible shifts (Shi &Rabosky 2015) and visual-

ized them using BAMMtools (Rabosky et al. 2014).

Results

RELIABIL ITY ANALYSIS

For nearly 90% of the points measured, turkers differed from

the expert consensus by less than 30 pixels, with half of all land-

marks having less than 3 pixels of difference (10 px = 0!68–
4!2 mm, 1!3–1!5% TL, Figs 1 and S3, Table S1). The most

accurate and precise points are those that are related to the

position of the eye (landmarks E1 and E2). The least accurate

are those in the opercular series (O1–O5), particularly the ones

related to the preopercle (O1–O3) likely because in certain

groups (e.g. Tetraodontidae) the preopercle is difficult to visu-

alize from external morphology alone. Experts were generally

more precise than turkers; however, there were some land-

marks where the turkers converged on very similar locations.

Based on these results, we exclude in subsequent analyses the

landmarks relating to the distal margins of all fins (A3, A4, P3,

P4, D3, D4), the preopercle bones (O1–O3), the dorsal fin for

triggerfishes (D1, D2) and the opercular opening for puffer-

fishes (O4–O5), due to low turker accuracy.

The interobserver reliability of turkers and experts as mea-

sured by the ratio of among-individual and sum of the among-

individual and measurement error ANOVA components was

96!4% and 90!9%, respectively. Although there is no current

standard for acceptable levels of measurement reliability (Von

Cramon-Taubadel et al. 2007), these percentages are not low

enough to suggest weaknesses in the measurement protocol.
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Turkers were less consistent than the average expert

(Table S3); however, the overall difference in consistency

between turkers and experts was generally quite small. We did

not find evidence that turkers improved over time. Excluding

the first three images did not markedly change turkers’ perfor-

mance compared to experts (Table S4). Turkers took extra

time to complete their first task, with amedian completion time

of 8!93 min, compared to 2!43 min on their fifth task.

The nonparametric MANOVA with RRPP failed to detect a

significant difference between turker and expert shapes

(P = 0!394, Z = 1!0067363, F = 0!9938314). Similarly, both

linear and quadratic discriminant analysis with 10-fold cross

validation (Table 1) were unable to reliably distinguish

between these two groups, for any given family. Although for

some images the classifier showed slight improvement beyond

a 50% coin flip, in all cases our model fell short based on a one

in four (25%) acceptable misclassification rate. We conclude

that, for any given sample of landmarks, it is challenging to

statistically distinguish between expert-provided and turker-

provided landmark configurations.

We projected turker and expert shape configurations into

morphospace (Figs 2 and S4). Although the overall space

occupied by each family’s shape configurations varies, the

aggregated median turker and expert shapes are not qualita-

tively different. The only exception is the triggerfishes (Balisti-

dae), likely due to turker confusion over the exact location of

dorsal fin due to their reduced anterior dorsal fin.

PHENOMIC PIPEL INE FOR COMPARATIVE

PHYLOGENETIC ANALYSIS

We were able to match 147 of 950 species to images in EOL’s

data base (Acanthuridae: 8/45, Apogonidae: 19/86, Balis-

toidae: 23/86, Chaetodontidae: 12/103, Labridae: 31/316,

Pomacentridae: 30/208, Tetraodontidae: 24/106). Due to the

low number of images matched for acanthurids, apogonids

and chaetodontids, we focused on the other four families with

better taxon sampling for the comparative BAMManalysis.

At 59 replication, 19789s (c. 5!5 h) elapsed between initial

upload of the task to Amazon Mechanical Turk and submis-

sion of the last task by a turker (Fig. 3). We estimate that a
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Fig. 1. Per-family breakdown of accuracy vs.
precision for each landmark. Accuracy is rep-
resented as the difference between the median
turker location for that landmark and the
median expert location, with the expert loca-
tion assumed to be the true location. Precision
is represented as the log-ratio of median abso-
lute deviations between turkers and experts.
More positive numbers indicate better expert
precision, whereas more negative numbers
indicate better turker precision. Points high-
lighted in red are those determined to be out-
liers (1!5 9 IQR). A labelled version of this
figure is available as Fig. S3. Photo credit J.E.
Randall (used with permission under a CC-
BY-NC 3.0 licence).

Table 1. Misprediction rate of linear discriminant analysis (LDA) and
quadratic discriminant analysis (QDA) with 10-fold cross validation
for each fish image. The discriminant model for each family was unable
to meet the standard of one in four misclassifications, and in some
cases, the more flexible QDA method performed worse than the LDA
model

Family LDA QDA

Acanthuridae 0!504 0!428
Apogonidae 0!450 0!472
Balistidae 0!444 0!411
Chaetodontidae 0!400 0!422
Gobiidae 0!481 0!462
Labridae 0!389 0!389
Pomacanthidae 0!462 0!431
Scorpaenidae 0!504 0!472
Tetraodontidae 0!455 0!460
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single expert would need 25151!7s (c. 6!99 h) to complete all

images at 19 replication, extrapolated from a median expert

time per image of 171!1 s (c. 2!85 min). Our projected expert

would need 125758!5s (c. 1!46 days) if they had to work at 59

replication.

Using the broken-stick method of determining a PCA stop-

ping point, we analysed PC 1 through PC 5. We project per-

species consensus shapes into Procrustes space (Figs 4, S5 and

S6). The BAMMtools analysis uncovered heterogeneity in the

rate of body shape evolution in each family (Figs 5 and S7).

Significant shifts in the rate of shape evolution were detected

within two families: Labridae and Pomacentridae. Two signifi-

cant shifts in shape evolution rate occur in the wrasses (Labri-

dae). The first rate shift occurs deep in the tree, corresponding

to the lineage containing the labrine, scarine and cheiline tribes.

The other shift is nested within that group, in Sparisoma. One

shift in the rate of shape evolution occurs in the damselfishes

(Pomacentridae) in the genusAmphiprion.

Discussion

We have shown that crowdsourcing through Amazon

Mechanical Turk is a tractable approach for generating reli-

able trait data at an unprecedented scale. Using this frame-

work, it is possible to distribute thousands of images to

workers, collect the data and send it to a comparative analysis

pipeline. We have also demonstrated that it is possible to iden-

tify the set of geometric morphometric landmarks that can be

reliably captured by nonspecialists. We found that for certain

landmarks there was significant between- and within-group
disagreement. Points belonging to the opercular series and

those locating the distal margin of the dorsal and anal fins were

particularly challenging for turkers, compared to the experts.

Based on these results, nonspecialist turkers are unlikely to

replace experts for all morphometric tasks. However, by digi-

tizing less than 5%of our data set with experts, we were able to

identify groups of landmarks that exhibited extremely poor

performance and excluded these. Furthermore, we were able

to obtain biologically significant results from a data set col-

lected entirely by turkers. By combining expert knowledge

with the sheer scale of the Amazon Mechanical Turk work-

force, it is possible to collect and assess large quantities of

morphometric data, with an order of magnitude improvement

in throughput over traditional approaches.

RELIABIL ITY OF CROWDSOURCED WORKERS

One advantage of the crowdsourced method we develop here

is that interobserver error can be readily assessed. Traditional

geometric morphometric studies often rely on a single observer

for practical reasons, as the pool of trained geometric morpho-
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observer’s mean shape. Blue points indicate
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Fig. 3. Line plot showing time to receive results for any given image (x
axis) and the total fraction of the data set received (y axis). Landmarks
were first received 8 min after creation of the Amazon MTurk task,
and at least one replicate was received for every image at the 80 min
mark.
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metricians is limited, to ensure accurate comparisons of the

same landmark across specimens, and to avoid individually

driven systematic biases in data collection. Although this com-

mon practice may reduce bias, it also precludes meaningful

assessment of differences among observers. Our results show

that interobserver variance can be substantial for some land-

marks even among expert digitizers. Therefore, explicitly

accounting for interobserver error is critical to determine the

efficacy of each individual landmark and the replicability of

the study as a whole. Interobserver error signals which land-

marks can be relied on and which merit further consideration,

as we have done in this analysis. The quantification of interob-

server error is a strict requirement of our workflow, as it would

otherwise be impossible to arrive at a single consensus shape

across several turkers working independently. This require-

ment ensures that interobserver error is not ignored or

bypassed due to the difficulty of assessing it.

In our analysis, we assessed the quality of a variety of land-

marks between turkers and experts. Unsurprisingly, turkers

performed exceptionally poorly for several landmarks requir-
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Fig. 5. Rates of shape evolution for PC1 across four families of fishes. (a) Phylorate plots colour branch lengths by rates of shape evolution, where
warmer colours indicate faster rates of evolution. Significant rate shift events (P > 0!95) are indicated on the phylorate plot as a red circle on the corre-
sponding branch. Black circles at the tips indicate the species that had shape data collected. (b) Median log rates of shape evolution through time,
where black lines indicate the background rate and red lines indicate the rate of phenotypic evolution in a clade experiencing a significant shift in rate,
corresponding to red circles in (a). The other three families are available in Fig. S7.
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ing knowledge of fish anatomy. For example, the landmarks

that describe the shape of the fish’s caudal fin asked workers to

mark the distal tip of the first principal fin ray. Evenwhen turk-

ers are armed with a definition and a comparison between

procurrent and principal fin rays, the experts’ experience and

training allowed them to substantially outperform turkers in

identifying this point. Furthermore, experts generally had

lower disagreement in their landmark placement when com-

pared to turkers, even for landmarks that turkers found espe-

cially difficult. These differences between experts and MTurk

workers have also been observed in image categorization tasks

(Deng et al. 2009; Van Horn et al. 2015). However, it is possi-

ble that an improved training protocol could result in better

collection of these difficult landmarks. Turkers have been

found to perform well in extremely detailed video annotation

tasks (Vondrick, Patterson & Ramanan 2013), provided that

researchers conduct pretask training and post-task validation.

Implementing these pretask requirements would be a straight-

forward avenue to improve accuracy for future work.

THE ROLE OF CROWDSOURCED PHENOTYPIC DATA

COLLECTION IN MODERN COMPARATIVE STUDIES

The traditional way of collecting phenotypic data involves

enormous researcher effort and significant morphological

expertise. For example, Brusatte et al. (2014) used a 853 char-

acter discrete character matrix for 150 taxa to estimate the rate

of morphological evolution in the transition from theropod

dinosaurs to modern birds. These data were collected over the

course of 20 years as part of the Therapod Working Group

(Brusatte et al. 2014). O’Leary et al. (2013) combined thework

of MorphoBank contributors (O’Leary & Kaufman 2011)

with literature review to generate 4541 characters for 86 spe-

cies. Rabosky et al. (2013) examined 7822 species of ray-finned

fish and used a single quantitative measure (body size)

collected from FishBase (Froese & Pauly 2014), whose data

are contributed from the scientific literature by experts. All of

these studies share the same requirement for intensive

researcher effort, but the data collected are generally either

broad (many species) or deep (many characters). In this study,

we collected a phenotypically rich data set across great taxo-

nomic breadth. This approach can easily be scaled to permit

unprecedented, massive comparative analyses on new, pheno-

typically rich data sets.

This method does not threaten to replace experienced mor-

phologists. Although certain conspicuous landmarks can be

rapidly collected by turkers, other types of analyses will require

landmarks that can only be identified by experts and thus can-

not use the high-throughput method presented here. Although

this can likely be alleviated by implementing more sophisti-

cated training regimes, the implicit anatomical knowledge that

morphologists have must be made explicit in the form of a

written protocol for turkers to follow. The cost of developing a

clearer and simpler protocol that still captures the essence of

the morphological characters of interest must be weighed

against the benefit of higher throughput from turker data col-

lection, and for many such analyses, this trade-off is impracti-

cal. However, for such analyses where crowdsourcing is a

viable alternative, our approach allows experts to move

beyond data collection and into a role of developing training

materials for nonspecialists and validating the data collected

by crowdsourcedworkers.

Approaches involving statistical techniques like machine

vision and natural language processing have yet tomake signif-

icant headway in automatically collecting morphological data.

Although methods to automatically measure leaves exist (Cor-

ney et al. 2012a, b), these require 2D specimens to eliminate

parallax error, as well as high-contrast mounting paper back-

grounds for effective automatic outline detection. More

sophisticated methods for lower-quality images or organisms

with more 3D structure have yet to be developed. Natural lan-

guage processing of the scientific literature could potentially be

used for automatic extraction of morphological characters

using DeepDive (Peters et al. 2014; Shin et al. 2015), but it

may require impractically large corpus sizes (Brill 2003;

Halevy, Norvig & Pereira 2009). Instead of using any one

method exclusively, crowdsourcing can augment and enhance

these statistical techniques. For example, the algorithm in Cor-

ney et al. (2012a) occasionally captures non-leaf objects and

systematically underestimates leaf sizes.MTurk workers could

improve this method by confirming the presence of a leaf in the

image segment and measure the leaf size to ground truth the

algorithm’s results.

A third alternative to using expert morphologists and

crowdsourced workers is to collect data through citizen

science. Citizen scientists are enthusiasts that volunteer to col-

lect data or contribute annotations to a scientific endeavour.

They can specialize in a particular field, such as birds, plants or

fungi. Compared to Amazon Mechanical Turk workers,

citizen scientists are typically unpaid, but can produce higher-

quality work due to their expertise. For example, a study com-

paring citizen scientists and MTurk workers showed that for

an image segmentation task, MTurk workers had higher

throughput and comparable accuracy to citizen scientists, but

MTurk workers performed poorly when asked to identify

birds to the species level (VanHorn et al. 2015). Volunteer citi-

zen scientists can be inexpensive to use, but the pool of avail-

able MTurk workers is likely much larger. This larger

participant pool means that tasks can be completed much fas-

ter due to the ability of multiple individuals to work in parallel;

the financial motivation additionally ensures that higher-pay-

ing tasks are completedmore quickly (Ipeirotis 2010;Mason&

Suri 2012). Balancing the desired speed and quality of results,

and the cost of data collection will be an important considera-

tion for any future study using crowdsourcing.

SUITABIL ITY FOR OTHER SYSTEMS

Our novel pipeline to download images, upload them to Ama-

zonMTurk and process them using BAMMand BAMMtools

showcases the ability to rapidly collect phenotypic data. Most

of the time taken to collect these data were spent onwaiting for

worker results; however, a majority of the data had already

been collected at the 1-h mark. An online methodology could
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conceivably improve on this analysis time, by iteratively refin-

ing its results as new data streamed in fromAmazon’s servers.

Although there are limitations in the type and accuracy of

data that can be collected through MTurk crowdsourcing,

even a simplified protocol can produce meaningful biological

results that are concordant with previous hypotheses in these

groups. Despite our low sampling fraction, we detected a

significant shift in the rate of body shape evolution in Labri-

dae, restricted to the wrasse tribes Labrini, Cheilini and

Scarini. The scarines and cheilines are mostly reef associated

(Froese & Pauly 2014), which has been proposed as an envi-

ronment that drives diversification rate changes in marine

teleosts (Alfaro, Santini & Brock 2007; Cowman & Bell-

wood 2011; Price et al. 2011). These results suggest that evo-

lution of body form may also be influenced by

environmental association (Claverie & Wainwright 2014).

Although the example we present here was necessarily lim-

ited, extending this technique to generate new phenotypic

data sets for existing large phylogenetic trees such as fishes

(Rabosky et al. 2013), birds (Jetz et al. 2012), mammals

(Bininda-Emonds et al. 2007) and angiosperms (Zanne et al.

2014) would be straightforward, especially for taxa where

image data are already aggregated in a data base such as

FishBase (Froese & Pauly 2014) or the Encyclopedia of Life

(Parr et al. 2014).

FUTURE CHALLENGES FOR GENERATING MASSIVE

PHENOTYPIC DATA SETS

Our approach hits a ‘sweet spot’ on the three axes of expertise,

effort and computational complexity.We use researcher exper-

tise to identify a comparative hypothesis, and design a data col-

lection protocol to specifically test this hypothesis. Amazon

Mechanical Turk supplies a large source of worker effort that

collects data according to protocol. Finally, computational

statistical techniques validate the accuracy of our data and

identify outliers and other errors in data collection. Research-

ers do not have to spend time digitizing collections, workers

need not generate biological hypotheses, and biologists will

not have to solve open questions in the fields of machine vision

and natural language processing in order to answer questions

in comparative biology. The task of phenomic-scale data col-

lection is split up and efficiently allocated according to the

strengths of each role, without overly relying on any single role

to carry out the entire task.

Although we have shown that crowdsourcing can increase

these speed of data collection, we are still dependent on high-

quality image data sets, as evidenced by our low sampling frac-

tion for three of the seven families analysed. The problem of

difficult-to-retrieve dark data is well known (Heidorn 2008),

but without either physical access to the collections or an image

of the specimen, morphological data are impossible to acquire.

The need to collect, identify, photograph and publish specimen

images remains as another obstacle to high-throughput pheno-

typing. Efforts are underway to digitize more biodiversity

resources, such as the National Science Foundation’s iDigBio

initiative (https://www.idigbio.org) in theU.S. and theNatural

History Museum’s iCollections project (http://www.nhm.

ac.uk/our-science/our-work/digital-museum/digital-collections-

programme.html) in the U.K. Whole-drawer imaging of insect

collections and scanning of herbarium pressings are already well

underway, but one future direction would be to expand this to

other avenues: skeletal imaging with radiographs, 3D morpho-

metrics using laser or CT scanning, of both fossils and extant

organisms. Much work and engineering expertise will be

required to extend our framework into the physical world to fur-

ther streamline data collection, but these efforts will likely result

in a huge increase in the quality and quantity of phenotypic

data.

Our work fills the niche of gathering phenotypic data across

large radiations, which has been a challenging open research

question (Burleigh et al. 2013). Even seemingly obvious phe-

notypes, such as the woodiness of plant species, are incomplete

and sampled in a biased manner (FitzJohn et al. 2014), poten-

tially misleading inference on a global scale. This method

unlocks the potential of high-throughput data collection and

shifts the data bottleneck for morphological research onto

acquiring suitable images for quantification, and developing

higher-quality worker training regimens to enable collection of

more sophisticated data. The burden is now on experienced

taxonomists and morphologists to create protocols that are

simple enough to be understood byMTurk workers, but com-

prehensive enough to test hypotheses of interest across the tree

of life.

Our results suggest that, where possible, crowdsourcing

should be an integral part of any large-scale morphological

analysis. Crowdsourcing can play a key role in unlocking the

‘dark data’ present in biodiversity collections by providing a

high-throughput way to extract the phenotypic data present in

specimens. Furthermore, coordinating efforts from digitizing

museum collections, natural language processing and machine

vision software, citizen scientists, expert morphologists and

taxonomists, and crowdsourced Mechanical Turk workers

would result in an extremely powerful pipeline that could

generate a ‘phenoscape’ across the tree of life.
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Appendix S1. Supplementarymaterial.

Table S1. Images digitized by turkers and experts to compare their per-

formance.

Table S2.OnlineURLs of images fromTable S1.

Table S3.Five number summaries of turker and expert consistency.

Table S4.Comparison of the Procrustes distance between themean tur-

ker shape and the mean expert shape, for a full dataset, and a dataset

excluding the first three images that turkers worked on.

Table S5. Families, species names, and URLs of the images hosted on

Encyclopedia of Life for the section ‘Example: a phenomic pipeline for

comparative phylogenetic analysis’.

Figure S1. A screenshot of the web app that turkers used to digitize

images.

Figure S2.Description of landmarks used to digitize fish body shape.

Figure S3. Version of Figure 1 where points are annotated with the

landmark label.
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Figure S4. Morphospace projection of PC3 and PC4 for each obser-

ver’s mean shape.

Figure S5. Morphospace of PC3 and PC4 for seven families of ray-

finned fishes.

Figure S6. Morphospace of PC5 and PC6 for seven families of ray-

finned fishes.

Figure S7. Rates of shape evolution for PC1 across three families of

fishes.

Appendix S2.Landmarking protocol.

Appendix S3.CSVfile used to generate Table S5.
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amTTH2K2Mi�`v K�i2`B�H

"2HQr Bb �M 2t�KTH2 CaPL }H2 i?�i /2KQMbi`�i2b i?2 miBHBiv Q7 Qm` r2# �TT,

&
]*], &

]FBM/], ]TQBMi]-
]?2HT], ]*HB+F i?2 +2Mi2` Q7 i?2 2v2X]

'-
].], &

]FBM/], ]HBM2]-
]?2HT], ]*HB+F �M/ /`�; 7`QK i?2 H27i 2/;2 Q7 i?2 2v2

iQ i?2 `B;?i 2/;2 Q7 i?2 2v2X]
'-
]P], &

]FBM/], ]+m`p2]-
]?2HT], ]*HB+F �M/ /`�; Qp2` i?2 QmiHBM2 Q7 i?2 2v2-

bi�`iBM; 7`QK i?2 H27iKQbi TQBMi Q7 i?2 2v2X]
'

'

1�+? /B;BiBx�iBQM i�bF iQ #2 +QKTH2i2/ Bb ;Bp2M � b?Q`i �##`2pB�iBQM iQ �B/ i�bF B/2MiB}+�iBQM Uǳ*Ǵ 7Q` +2Mi2`-
ǳ.Ǵ 7Q` /B�K2i2`- �M/ ǳPǴ 7Q` QmiHBM2V- �M/ i?2 ivT2 Q7 i�bF- ǳTQBMiǴ- ǳHBM2Ǵ Q` ǳ+m`p2Ǵ- 7Q` ?QKQHQ;Qmb
H�M/K�`Fb- HBM2�` K2�bm`2K2Mib- �M/ bHB/BM; b2KBH�M/K�`Fb +�M #2 bT2+B}2/X h?2`2 Bb �HbQ �M QTiBQM�H b?Q`i
?2HT bMBTT2i /BbTH�v2/ BMHBM2- r?B+? b2`p2 �b � #`B27 `2KBM/2` 7Q` 2�+? H�M/K�`F �M/ +QKTH2K2Mib � H�`;2`
�M/ KQ`2 /2i�BH2/ T`QiQ+QH /Q+mK2Mi i?�i rQ`F2`b �`2 `2[mB`2/ iQ `2�/ #27Q`2 #2;BMMBM; rQ`FX

h�#H2 aR, AK�;2b /B;BiBx2/ #v im`F2`b �M/ 2tT2`ib iQ +QKT�`2 i?2B`
T2`7Q`K�M+2X hG 4 iQi�H H2M;i? Q7 i?2 bT2+BK2M- BM +KX Ss 4 h?2
iQi�H H2M;i? Q7 i?2 bT2+BK2M- BM MmK#2` Q7 BK�;2 TBt2HbX

6�KBHv aT2+B2b �mi?Q` _B;?ib hG Tt
�+�Mi?m`B/�2 L�bQ �MMmH�imb CQ?M 1 _�M/�HH ++@#v@M+ jXy RNX3 dy9
�TQ;QMB/�2 L2+i�KB� B;MBiQTb CQ?M 1 _�M/�HH ++@#v@M+ jXy NX9 dyd
"�HBbiB/�2 Sb2m/Q#�HBbi2b ~�pBK�`;BM�imb CQ?M 1 _�M/�HH ++@#v@M+ jXy kkXN eeN
*?�2iQ/QMiB/�2 *?�2iQ/QM +Bi`BM2HHmb CQ?M 1 _�M/�HH ++@#v@M+ jXy RRX9 dye
:Q#BB/�2 �K#Hv2H2Qi`Bb M2;H2+i� CQ?M 1 _�M/�HH ++@#v@M+ jXy dX8 dy3
G�#`B/�2 �M�KTb2b +mpB2` CQ?M 1 _�M/�HH ++@#v@M+ jXy jRXy dj3
SQK�+�Mi?B/�2 *2Mi`QTv;2 2B#HB CQ?M 1 _�M/�HH ++@#v@M+ jXy dXR d8y
a+Q`T�2MB/�2 *�`�+�Mi?mb K�+mH�imb CQ?M 1 _�M/�HH ++@#v@M+ jXy 9Xd eNe
h2i`�Q/QMiB/�2 *�Mi?B;�bi2` 2TBH�KT`� CQ?M 1 _�M/�HH ++@#v@M+ jXy 3X9 e3N

h�#H2 ak, PMHBM2 l_Gb Q7 BK�;2b 7`QK amTTH2K2Mi�H h�#H2 aR

6�KBHv l_G
�+�Mi?m`B/�2 ?iiT,ff2QHXQ`;f/�i�nQ#D2+ibfkRyk3y93
�TQ;QMB/�2 ?iiT,ffrrrX7Bb?#�b2XQ`;fS?QiQbfSB+im`2bamKK�`vXT?T\A.4ejd9N�r?�i4bT2+B2b
"�HBbiB/�2 ?iiT,ff2QHXQ`;f/�i�nQ#D2+ibfkRyk3R83
*?�2iQ/QMiB/�2 ?iiT,ff2QHXQ`;f/�i�nQ#D2+ibfkRykkk8d

k
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6�KBHv l_G
:Q#BB/�2 ?iiT,ff2QHXQ`;f/�i�nQ#D2+ibfjy33d3y3
G�#`B/�2 ?iiT,ff2QHXQ`;f/�i�nQ#D2+ibfkRyRejj9
SQK�+�Mi?B/�2 ?iiT,ffrrrX7Bb?#�b2XQ`;fT?QiQbfSB+im`2bamKK�`vXT?T\`2bmHiS�;248�A.4Ry3dy�r?�i4bT2+B2b
a+Q`T�2MB/�2 ?iiT,ff2QHXQ`;f/�i�nQ#D2+ibfkRy9jR98
h2i`�Q/QMiB/�2 ?iiT,ff2QHXQ`;f/�i�nQ#D2+ibfkRy9k3Nj

G�M/K�`Fb mb2/

h?2 H�M/K�`Fb mb2/ �`2 b?QrM BM amTTH2K2Mi�H 6B;m`2 akX h?2 BK�;2 Bb `2/`�rM 7`QK *?�F`�#�`iv Ukyy8V-
r?B+? r�b Bib2H7 `2/`�rM 7`QK L2HbQM URNN9VX

h2biBM; im`F2` pb 2tT2`i +QMbBbi2M+v

h�#H2 aj, 6Bp2 MmK#2` bmKK�`B2b Q7 im`F2` �M/ 2tT2`i +QMbBbi2M+vX
h?2 bmKK�`v bi�iBbiB+b �`2 KmHiBTHB2/ #v R-yyy-yyy iQ 7�+BHBi�i2
+QKT�`BbQMbX

7�KBHv `QH2 KBMBKmK Rbi [m�`iBH2 K2/B�M j`/ [m�`iBH2 K�tBKmK
�+�Mi?m`B/�2 2tT2`i ej d3 Ryd RRe 933
�+�Mi?m`B/�2 im`F2` 38 Ne R9R R8R3 3j9y
�TQ;QMB/�2 2tT2`i 9RR d3y 8Re8 N89y NNyy
�TQ;QMB/�2 im`F2` Rk9 jjd Rky3 e8k9 R8RjR
"�HBbiB/�2 2tT2`i RRy R3d kej jR3 jdk
"�HBbiB/�2 im`F2` 3N RkR 9Ry 8kdy edRj
*?�2iQ/QMiB/�2 2tT2`i je 3d R9j jRj 88y
*?�2iQ/QMiB/�2 im`F2` Nk RR8 kj3 9y9 3jNd
:Q#BB/�2 2tT2`i R88 9j9 983 8k9 83R
:Q#BB/�2 im`F2` 3d R3e jk9 k33j k8eN3
G�#`B/�2 2tT2`i kj 3k Ry9 Rk9 RNk
G�#`B/�2 im`F2` 3j 3d Rj9 83N ekje
SQK�+�Mi?B/�2 2tT2`i 8j eR d3 RRN R93
SQK�+�Mi?B/�2 im`F2` ed NN R9e RNd jRRkk
a+Q`T�2MB/�2 2tT2`i k8k ke9 kdd 89dy Ryeej
a+Q`T�2MB/�2 im`F2` R9k kjj kd9 j8y jkd8
h2i`�Q/QMiB/�2 2tT2`i R39 jy3 93j dkj NRk
h2i`�Q/QMiB/�2 im`F2` 3e RjR R8k jky 9jR

.Q im`F2`b BKT`Qp2 rBi? 2tT2`B2M+2\

h�#H2 a9, *QKT�`BbQM Q7 i?2 S`Q+`mbi2b /Bbi�M+2 #2ir22M i?2 K2�M
im`F2` b?�T2 �M/ i?2 K2�M 2tT2`i b?�T2- 7Q` � 7mHH /�i�b2i- �M/ �
/�i�b2i 2t+Hm/BM; i?2 }`bi i?`22 BK�;2b i?�i im`F2`b rQ`F2/ QMX
h?2 `�iBQ Bb +QKTmi2/ #v /BpB/BM; i?2 7mHH /�i�b2iǶb /Bbi�M+2 #v
i?2 `2/m+2/ /�i�b2iǶb /Bbi�M+2- BM Q`/2` iQ +QKT�`2 i?2 `2H�iBp2
/Bbi�M+2 +?�M;2 �KQM; i?2 /Bz2`2Mi BK�;2b /B;BiBx2/X

6�KBHv S`Q+`mbi2b /Bbi�M+2, 7mHH /�i�b2i _2/m+2/ /�i�b2i _�iBQ
�+�Mi?m`B/�2 yXyk98N yXyk83R yXN8k3d
�TQ;QMQB/�2 yXy98yN yXy938d yXNk3j9

j
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6�KBHv S`Q+`mbi2b /Bbi�M+2, 7mHH /�i�b2i _2/m+2/ /�i�b2i _�iBQ
"�HBbiB/�2 yXy8j99 yXy8ee9 yXN9j93
*?�2iQ/QMiB/�2 yXyR9R8 yXyR933 yXN8y8N
:Q#BB/�2 yXy8d3N yXyeyyN yXNejjN
G�#`B/�2 yXyR39k yXyR3jk RXyy839
SQK�+�Mi?B/�2 yXyRkjN yXyRkke RXyRyRN
a+Q`T�2MB/�2 yXyk8kN yXyk8kN yXNNNNN
h2i`�Q/QMiB/�2 yXykNd9 yXykNd9 RXyyyy9

_ BM7Q`K�iBQM

AM7Q`K�iBQM QM i?2 p2`bBQMb Q7 _ T�+F�;2b mb2/ iQ �M�Hvx2 i?Bb /�i�X

OO a2bbBQM BM7Q @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

OO b2iiBM; p�Hm2
OO p2`bBQM _ p2`bBQM jXkXk UkyR8@y3@R9V
OO bvbi2K t3ene9- HBMmt@;Mm
OO mB sRR
OO H�M;m�;2 U1LV
OO +QHH�i2 2MnlaXlh6@3
OO ix �K2`B+�fGQbn�M;2H2b
OO /�i2 kyR8@yN@kk

OO S�+F�;2b @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

OO T�+F�;2  p2`bBQM /�i2 bQm`+2
OO �MBK�iBQM kX9 kyR8@y3@Re *_�L U_ jXkXkV
OO �T2  jXj kyR8@y8@kN *_�L U_ jXkXkV
OO �bb2`ii?�i yXR kyRj@Rk@ye *_�L U_ jXkXkV
OO "�JJiQQHb  kXyX8 kyR8@yN@kR :Bi?m# UDQM+?�M;f"�JJiQQHb!k29yk+NV
OO #B#i2t yX9Xy kyR9@Rk@jR *_�L U_ jXkXkV
OO #BiQTb RXy@e kyRj@y3@Rd *_�L U_ jXkXkV
OO +H�bb dXj@Rj kyR8@ye@kN *_�L U_ jXkXkV
OO +Hmbi2` kXyXj kyR8@yd@kR *_�L U_ jXkXkV
OO +Hmbi2`:2M2`�iBQM RXjX9 kyR8@yk@R3 *_�L U_ jXkXkV
OO +Q/� yXRd@R kyR8@yj@yj *_�L U_ jXkXkV
OO +Q/2iQQHb yXk@R9 kyR8@yd@R8 *_�L U_ jXkXkV
OO +QHQ`bT�+2 RXk@e kyR8@yj@RR *_�L U_ jXkXkV
OO ."A yXjXR kyR9@yN@k9 *_�L U_ jXkXkV
OO /2aQHp2 RXRk kyR8@yd@ye *_�L U_ jXkXkV
OO /2piQQHb RXNXR kyR8@yN@RR *_�L U_ jXkXkV
OO /B;2bi yXeX3 kyR9@Rk@jR *_�L U_ jXkXkV
OO /B`2+iH�#2Hb  kyRjXeXR8 kyRj@yd@kj *_�L U_ jXkXkV
OO /THv`  yX9Xj kyR8@yN@yR *_�L U_ jXkXkV
OO 2p�Hm�i2 yX3 kyR8@yN@R3 *_�L U_ jXkXkV
OO 2tTK yXNN@RXR kyR9@yk@Rk *_�L U_ jXkXkV
OO 7Bb?X`2HB�#BHBiv  yXyXyXNyyy kyR8@yN@Rd HQ+�H
OO 7Q`K�i_ RXkXR kyR8@yN@R3 *_�L U_ jXkXkV
OO ;2B;2` kXyXe kyR8@yN@yd *_�L U_ jXkXkV
OO ;2QKQ`T?  kXRXe kyR8@y9@yk :Bi?m# UDQM+?�M;f;2QKQ`T?!3k+2/d+V
OO ;;THQik  RXyXR kyR8@yj@Rd *_�L U_ jXkXkV
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OO ;i�#H2 yXRXk kyRk@Rk@y8 *_�L U_ jXkXkV
OO ?iKHiQQHb yXkXe kyR9@yN@y3 *_�L U_ jXkXkV
OO ?ii` RXyXy kyR8@ye@k8 *_�L U_ jXkXkV
OO B;`�T? RXyXR kyR8@ye@ke *_�L U_ jXkXkV
OO BT`2/  yXN@8 kyR8@yd@k3 *_�L U_ jXkXkV
OO DT2; yXR@3 kyR9@yR@kj *_�L U_ jXkXkV
OO F7B;`  RXk kyR8@yd@R8 *_�L U_ jXkXkV
OO FMBi+Bi�iBQMb  RXyXe kyR8@y8@ke *_�L U_ jXkXkV
OO FMBi`  RXRR kyR8@y3@R9 *_�L U_ jXkXkV
OO H�iiB+2  yXky@jj kyR8@yd@R9 *_�L U_ jXkXkV
OO H�p� RX9XR kyR8@ye@kk *_�L U_ jXkXkV
OO H�xv2p�H yXRXRy kyR8@yR@yk *_�L U_ jXkXkV
OO Hm#`B/�i2  RXjXj kyRj@Rk@jR *_�L U_ jXkXkV
OO K�;`Bii`  RX8 kyR9@RR@kk *_�L U_ jXkXkV
OO K�Tb kXj@RR kyR8@y3@yj *_�L U_ jXkXkV
OO J�aa  dXj@9j kyR8@yd@Re *_�L U_ jXkXkV
OO J�i`Bt RXk@k kyR8@yd@y3 *_�L U_ jXkXkV
OO K2KQBb2 yXkXR kyR9@y9@kk *_�L U_ jXkXkV
OO K;+p RX3@d kyR8@yd@kj *_�L U_ jXkXkV
OO KMQ`Ki RX8@j kyR8@y8@k8 *_�L U_ jXkXkV
OO KbK RX8 kyR8@yR@ye *_�L U_ jXkXkV
OO KmMb2HH yX9Xk kyRj@yd@RR *_�L U_ jXkXkV
OO KpiMQ`K RXy@j kyR8@yd@kk *_�L U_ jXkXkV
OO MHK2 jXR@RkR kyR8@ye@kN *_�L U_ jXkXkV
OO MM2i dXj@Ry kyR8@ye@kN *_�L U_ jXkXkV
OO MMHb RX9 kyRk@yj@RN *_�L U_ jXkXkV
OO MmK.2`Bp kyR9Xk@R kyR8@y8@y9 *_�L U_ jXkXkV
OO T2`Kmi2  yX3@9 kyR8@y8@RN *_�L U_ jXkXkV
OO T?�M;Q`M RXNNXR9 kyR8@yd@yN *_�L U_ jXkXkV
OO T?viQQHb yX9@ey kyR8@yd@Ry *_�L U_ jXkXRV
OO THQi`Bt jX8@Rk kyR8@y8@Re *_�L U_ jXkXkV
OO THv` RX3Xj kyR8@ye@Rk *_�L U_ jXkXRV
OO T`Q/HBK RX8XR kyR9@Rk@Ry *_�L U_ jXkXkV
OO T`QiQ yXj@Ry kyRk@Rk@kk *_�L U_ jXkXkV
OO [m�/T`Q;  RX8@8 kyRj@y9@Rd *_�L U_ jXkXkV
OO _e kXRXR kyR8@y3@RN *_�L U_ jXkXkV
OO _+TT yXRkXR kyR8@yN@Ry *_�L U_ jXkXkV
OO _*m`H RXN8@9Xd kyR8@ye@jy *_�L U_ jXkXkV
OO `2�/`  yXRXR kyR8@y8@kN *_�L U_ jXkXkV
OO _27J�M�;2_ yX3Xej kyR8@ye@yN *_�L U_ jXkXkV
OO `2b?�T2k  RX9XR kyR9@Rk@ye *_�L U_ jXkXkV
OO `;H  yXN8XRjjd kyR8@yN@RN *_�L U_ jXkXkV
OO `DbQM  yXkXR8 kyR9@RR@yj *_�L U_ jXkXkV
OO _CaPLAP RXj@y kyR9@yd@k3 *_�L U_ jXkXkV
OO `K�`F/QrM yX3 kyR8@y3@jy *_�L U_ jXkXkV
OO `T�`i 9XR@Ry kyR8@ye@kN *_�L U_ jXkXkV
OO b+�H2b  yXjXy kyR8@y3@k8 *_�L U_ jXkXkV
OO b+�ii2`THQij/ yXj@je kyR8@yd@jy *_�L U_ jXkXkV
OO bi`BM;B yX8@8 kyR8@ye@kN *_�L U_ jXkXkV
OO bi`BM;`  RXyXy kyR8@y9@jy *_�L U_ jXkXkV
OO bm#TH2t RXR@e kyR8@yd@RR *_�L U_ jXkXkV
OO bm`pBp�H kXj3@j kyR8@yd@yk *_�L U_ jXkXkV
OO iB/v`  yXjXR kyR8@yN@Ry *_�L U_ jXkXkV
OO p2;�M  kXj@y kyR8@y8@ke *_�L U_ jXkXkV
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OO sJG jXN3@RXj kyR8@ye@jy *_�L U_ jXkXkV
OO v�KH kXRXRj kyR9@ye@Rk *_�L U_ jXkXkV

e
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h�#H2 a8, 6�KBHB2b- bT2+B2b M�K2b- �M/ l_Gb Q7 i?2 BK�;2b ?Qbi2/
QM 1M+v+HQT2/B� Q7 GB72 7Q` i?2 b2+iBQM ǳ1t�KTH2, � T?2MQKB+
TBT2HBM2 7Q` +QKT�`�iBp2 T?vHQ;2M2iB+ �M�HvbBbǴX

7�KBHv bT2+B2b m`H
�+�Mi?m`B/�2 �+�Mi?m`mb #�?B�Mmb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfRkfRyfyyfNedN8nQ`B;XDT;
�+�Mi?m`B/�2 �+�Mi?m`mb +?B`m`;mb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfk3fy9fNjk8enQ`B;XDT;
�+�Mi?m`B/�2 �+�Mi?m`mb +Q2`mH2mb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fRNfRyfRdeyRnQ`B;XDT;
�+�Mi?m`B/�2 *i2MQ+?�2imb i`mM+�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fyefej9ejnQ`B;XDT;
�+�Mi?m`B/�2 *i2MQ+?�2imb i`mM+�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fyefej9ejnQ`B;XDT;
�+�Mi?m`B/�2 L�bQ 2H2;�Mb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fyjfjRyR9nQ`B;XDT;
�+�Mi?m`B/�2 L�bQ KBMQ` ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfykfNeNkjnQ`B;XDT;
�+�Mi?m`B/�2 S`BQMm`mb b+�HT`mK ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfykf9Ne3dnQ`B;XDT;
�+�Mi?m`B/�2 w2#`�bQK� p2HB72` ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfRkfy3fyefyNeRNnQ`B;XDT;
�TQ;QMB/�2 �TQ;QM �K#QBM2MbBb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfykfReRyynQ`B;XDT;
�TQ;QMB/�2 �TQ;QM �m`QHBM2�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfk3fyjfkkdN8nQ`B;XDT;
�TQ;QMB/�2 �TQ;QM +�`BM�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfykfykyRNnQ`B;XDT;
�TQ;QMB/�2 �TQ;QM +�i?2iQ;`�KK� ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fRNfRRfeeNkynQ`B;XDT;
�TQ;QMB/�2 �TQ;QM 2HHBQiB ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfk3fykfRd933nQ`B;XDT;
�TQ;QMB/�2 �TQ;QM 2`vi?`BMmb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfyjfed9kNnQ`B;XDT;
�TQ;QMB/�2 �TQ;QM 7mb+mb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfRkfy3fyefk3jeenQ`B;XDT;
�TQ;QMB/�2 �TQ;QM HBM2�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fy9f3e3e3nQ`B;XDT;
�TQ;QMB/�2 �TQ;QM K�+mH�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy8fRkfy3f3eyR3nQ`B;XDT;
�TQ;QMB/�2 �TQ;QM MB;2` ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfRkfy3fyefNR98jnQ`B;XDT;
�TQ;QMB/�2 �TQ;QM b2KBHBM2�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfyjf888kRnQ`B;XDT;
�TQ;QMB/�2 �bi`�TQ;QM TmM+iB+mH�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfk3fyjf3d8kRnQ`B;XDT;
�TQ;QMB/�2 *?2BHQ/BTi2`mb BbQbiB;Kmb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyR9fyjfkRfy9fNRjNknQ`B;XDT;
�TQ;QMB/�2 1H2Qi`Bb �+�Mi?QTQK� ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfy9fj8e9knQ`B;XDT;
�TQ;QMB/�2 6QrH2`B� BbQbiB;K� ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfRkfy3fyefNj8jjnQ`B;XDT;
�TQ;QMB/�2 :BHHB+?i?vb KB`�#BHBb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fkRfRefd98yjnQ`B;XDT;
�TQ;QMB/�2 :HQbb�KB� �T`BQM ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fykf3Ryj8nQ`B;XDT;
�TQ;QMB/�2 :HQbb�KB� �T`BQM ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fykf3Ryj8nQ`B;XDT;
�TQ;QMB/�2 wQ`�KB� 7`�;BHBb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fRNfRRfkRek8nQ`B;XDT;
�TQ;QMB/�2 wQ`�KB� H2Ti�+�Mi?� ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fRNfRRfkd88enQ`B;XDT;
"�HBbiQB/�2 �#�HBbi2b bi2HH�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfRkfy3fyefNyR8ynQ`B;XDT;
"�HBbiQB/�2 �Hmi2`mb ?2m/2HQiBB ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfRRfk8fyNf8j8jjnQ`B;XDT;
"�HBbiQB/�2 �Hmi2`mb b+?Q2T}B ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fy8fRyfj3y33nQ`B;XDT;
"�HBbiQB/�2 �Hmi2`mb b+`BTimb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfk3fyjf3yRkknQ`B;XDT;
"�HBbiQB/�2 "�HBbi2b +�T`Bb+mb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfk3fyjfkRNjynQ`B;XDT;
"�HBbiQB/�2 "�HBbi2b TmM+i�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfk3fyjfNkjy8nQ`B;XDT;
"�HBbiQB/�2 "�HBbi2b p2imH� ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fyefRy9e9nQ`B;XDT;
"�HBbiQB/�2 *�Mi?2`?BM2b /mK2`BHBB ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fyjfN9RNdnQ`B;XDT;
"�HBbiQB/�2 *�Mi?2`?BM2b TmHHmb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fy8fRyfR9ReRnQ`B;XDT;
"�HBbiQB/�2 *�Mi?B/2`KBb bm|�K2M ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fRNfRRfyy88dnQ`B;XDT;
"�HBbiQB/�2 *?�2iQ/2`KBb T2MB+BHHB;2`mb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfyjfkNkednQ`B;XDT;
"�HBbiQB/�2 JQM�+�Mi?mb +BHB�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfRRfRdfy3fy8yR3nQ`B;XDT;
"�HBbiQB/�2 JQM�+�Mi?mb im+F2`B ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfk3fyjfNNd8NnQ`B;XDT;
"�HBbiQB/�2 S�`�KQM�+�Mi?mb bmH+�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfyjfkNNR8nQ`B;XDT;
"�HBbiQB/�2 Sb2m/QKQM�+�Mi?mb K�+`m`mb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfk3fyRfdRe83nQ`B;XDT;
"�HBbiQB/�2 ai2T?�MQH2TBb �m`�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fykf3NRR8nQ`B;XDT;
"�HBbiQB/�2 ai2T?�MQH2TBb ?BbTB/mb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfk3fy9fyykeenQ`B;XDT;
"�HBbiQB/�2 am|�K2M �H#B+�m/�imK ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fRNfRRfd9N89nQ`B;XDT;
"�HBbiQB/�2 am|�K2M +?`vbQTi2`mK ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fykf99kyenQ`B;XDT;
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"�HBbiQB/�2 am|�K2M 7`�2M�imK ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fRNfRRf8kjjRnQ`B;XDT;
"�HBbiQB/�2 h?�KM�+QMmb i2bb2HH�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfRkfy3fyefk8993nQ`B;XDT;
"�HBbiQB/�2 s�Mi?B+?i?vb HBM2QTmM+i�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fy9fd9jeNnQ`B;XDT;
"�HBbiQB/�2 s�Mi?B+?i?vb `BM;2Mb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRRfykfRkfyefj9RNdnQ`B;XDT;
*?�2iQ/QMiB/�2 *?�2iQ/QM #m`;2bbB ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRRfRkfRjfRyfd3jkNnQ`B;XDT;
*?�2iQ/QMiB/�2 *?�2iQ/QM +�TBbi`�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfk3fyyf9R9NdnQ`B;XDT;
*?�2iQ/QMiB/�2 *?�2iQ/QM BMi2``mTimb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fyjf3ek8dnQ`B;XDT;
*?�2iQ/QMiB/�2 *?�2iQ/QM [m�/`BK�+mH�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fy8f3NNRNnQ`B;XDT;
*?�2iQ/QMiB/�2 *?�2iQ/QM `Q#mbimb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfk3fyjfNd8dynQ`B;XDT;
*?�2iQ/QMiB/�2 *?�2iQ/QM b2/2Mi�`Bmb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRRfykfRkfy9fyjddknQ`B;XDT;
*?�2iQ/QMiB/�2 *?�2iQ/QM bi`B�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfk3fyjf8NN88nQ`B;XDT;
*?�2iQ/QMiB/�2 *?�2iQ/QM x�MxB#�`2MbBb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fyef99djRnQ`B;XDT;
*?�2iQ/QMiB/�2 >2KBi�m`B+?i?vb i?QKTbQMB ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyNfykfRyfdR999nQ`B;XDT;
*?�2iQ/QMiB/�2 >2MBQ+?mb bBM;mH�`Bb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fRNfRjfR8ed8nQ`B;XDT;
*?�2iQ/QMiB/�2 SQK�+�Mi?mb �`+m�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRRfRyfyefy3fkdeR8nQ`B;XDT;
*?�2iQ/QMiB/�2 S`Q;M�i?Q/2b �+mH2�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRRfykfRkfy9fRNj9dnQ`B;XDT;
G�#`B/�2 "Q/B�Mmb Qtv+2T?�Hmb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfykfkjyRNnQ`B;XDT;
G�#`B/�2 "Q/B�Mmb TmH+?2HHmb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRRfykfRkfy9fyN889nQ`B;XDT;
G�#`B/�2 "Q/B�Mmb b+`Q7� ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fy8fkeyNNnQ`B;XDT;
G�#`B/�2 "Q/B�Mmb i�MvQFB/mb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfykf9y38jnQ`B;XDT;
G�#`B/�2 *?HQ`m`mb �i`BHmMmH� ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fykfdNNNenQ`B;XDT;
G�#`B/�2 *?HQ`m`mb Q2/2K� ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfykfdkyR9nQ`B;XDT;
G�#`B/�2 *i2MQH�#`mb `mT2bi`Bb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfyNfyjfy9feN993nQ`B;XDT;
G�#`B/�2 >�HB+?Q2`2b #BpBii�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyR9fy3fkkfRjfyejeNnQ`B;XDT;
G�#`B/�2 >�HB+?Q2`2b /BbTBHmb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fRNfRefNeeNdnQ`B;XDT;
G�#`B/�2 >�HB+?Q2`2b /BbTBHmb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fRNfRefNeeNdnQ`B;XDT;
G�#`B/�2 >�HB+?Q2`2b `�/B�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fy8fRRf3kkNenQ`B;XDT;
G�#`B/�2 AMBBbiBmb �M2Bi2MbBb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fRNfRef39edRnQ`B;XDT;
G�#`B/�2 G�#`mb #2`;vHi� ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fy8fRyfNddy3nQ`B;XDT;
G�#`B/�2 J�+`QT?�`vM;Q/QM #BT�`iBimb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fRNfRef38ek9nQ`B;XDT;
G�#`B/�2 LQiQH�#`mb ;vKMQ;2MBb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fyjfRjyNdnQ`B;XDT;
G�#`B/�2 Ptv+?2BHBMmb /B;`�KK� ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfRkfy3fyefj8d98nQ`B;XDT;
G�#`B/�2 Sb2m/QH�#`mb 2Q2i?BMmb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfykfyyekenQ`B;XDT;
G�#`B/�2 a+�`mb ;m�+�K�B� ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fy8fRyfR89jenQ`B;XDT;
G�#`B/�2 a+�`mb ?Q2~2`B ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fy8fRRf98yNdnQ`B;XDT;
G�#`B/�2 aT�`BbQK� �KTHmK ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fyef33e8RnQ`B;XDT;
G�#`B/�2 aT�`BbQK� �m`Q7`2M�imK ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRRfykfRkfy9fjN8j3nQ`B;XDT;
G�#`B/�2 aT�`BbQK� +?`vbQTi2`mK ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fy8fRyfk9yN3nQ`B;XDT;
G�#`B/�2 aT�`BbQK� +`2i2Mb2 ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfk3fyjfR83yNnQ`B;XDT;
G�#`B/�2 aT�`BbQK� `m#`BTBMM2 ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fy8fRyfe3eyRnQ`B;XDT;
G�#`B/�2 avKT?Q/mb K2HQTb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRyfyjfk9fy8fRRj9dnQ`B;XDT;
G�#`B/�2 avKT?Q/mb Q+2HH�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRyfyjfk9fy8feeek9nQ`B;XDT;
G�#`B/�2 h�miQ;� QMBiBb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fy8fRyfNdNRNnQ`B;XDT;
G�#`B/�2 h�miQ;QH�#`mb �/bT2`bmb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fy8fRRf9deRRnQ`B;XDT;
G�#`B/�2 h�miQ;QH�#`mb �/bT2`bmb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fy8fRyfee3jNnQ`B;XDT;
G�#`B/�2 h?�H�bbQK� Hm+�b�MmK ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fRNfRdfdk8R8nQ`B;XDT;
G�#`B/�2 h?�H�bbQK� MQ`QM?�MmK ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy8fRkfy3fke83dnQ`B;XDT;
G�#`B/�2 h?�H�bbQK� MQ`QM?�MmK ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy8fRkfy3fke83dnQ`B;XDT;
G�#`B/�2 sv`B+?ivb MQp�+mH� ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fy8fRyfyN8RjnQ`B;XDT;
G�#`B/�2 sv`B+?ivb bTH2M/2Mb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy8fRkfy3fyjky9nQ`B;XDT;
SQK�+2Mi`B/�2 �#m/27/m7 i�m`mb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfk3fyjfeyee3nQ`B;XDT;
SQK�+2Mi`B/�2 �K#Hv;HvT?B/Q/QM Q`#B+mH�`Bb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fRNfRNf3kRjRnQ`B;XDT;
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SQK�+2Mi`B/�2 �K#Hv;HvT?B/Q/QM Q`#B+mH�`Bb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fRNfRNf3kRjRnQ`B;XDT;
SQK�+2Mi`B/�2 �K#Hv;HvT?B/Q/QM i2`M�i2MbBb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfk3fyyf99d9enQ`B;XDT;
SQK�+2Mi`B/�2 �KT?BT`BQM �F�HHQTBbQb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fykfeRRR9nQ`B;XDT;
SQK�+2Mi`B/�2 �KT?BT`BQM +?�;Qb2MbBb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fykf3e838nQ`B;XDT;
SQK�+2Mi`B/�2 �KT?BT`BQM H�iB7�b+B�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fyjfRkNkjnQ`B;XDT;
SQK�+2Mi`B/�2 �KT?BT`BQM b2#�2 ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fy8fR8fedNR9nQ`B;XDT;
SQK�+2Mi`B/�2 *?`QKBb �i`BHQ#�i� ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fRNfkyfNNjddnQ`B;XDT;
SQK�+2Mi`B/�2 *?`QKBb #�KB ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfk3fyyfyjek8nQ`B;XDT;
SQK�+2Mi`B/�2 *?`QKBb +v�M2� ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRRfykfRkfy9f9ee8knQ`B;XDT;
SQK�+2Mi`B/�2 *?`QKBb 2M+?`vbm`� ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfRRfRdfyNf9ejednQ`B;XDT;
SQK�+2Mi`B/�2 *?`QKBb KmHiBHBM2�i� ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRRfykfRkfy9fR33RynQ`B;XDT;
SQK�+2Mi`B/�2 *?`QKBb Qp�iB7Q`KBb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fRNfkyfNk39NnQ`B;XDT;
SQK�+2Mi`B/�2 *?`QKBb TmM+iBTBMMBb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRRfRyfR9fR3f9RdjjnQ`B;XDT;
SQK�+2Mi`B/�2 *?`vbBTi2`� #`QrM`B;;BB ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfyjfededRnQ`B;XDT;
SQK�+2Mi`B/�2 *?`vbBTi2`� bi�`+FB ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfykfekdyjnQ`B;XDT;
SQK�+2Mi`B/�2 .Bb+?BbiQ/mb Tb2m/Q+?`vbQTQ2+BHmb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfk3fykfkRjkknQ`B;XDT;
SQK�+2Mi`B/�2 >vTbvTQTb `m#B+mM/mb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRRfRyfR9fR3fdee39nQ`B;XDT;
SQK�+2Mi`B/�2 JB+`QbT�i?Q/QM +?`vbm`mb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRRfykfRkfy9fy93eNnQ`B;XDT;
SQK�+2Mi`B/�2 SQK�+2Mi`mb �HH2MB ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fykfj83j8nQ`B;XDT;
SQK�+2Mi`B/�2 SQK�+2Mi`mb +�2`mH2QTmM+i�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fyef8dee9nQ`B;XDT;
SQK�+2Mi`B/�2 SQK�+2Mi`mb +�HH�BMmb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fRNfkyfNk3y3nQ`B;XDT;
SQK�+2Mi`B/�2 SQK�+2Mi`mb +Q2H2biBb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyNfykfRyfk9Re3nQ`B;XDT;
SQK�+2Mi`B/�2 ai2;�bi2b �/mbimb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy8fRkfy3fkNRNynQ`B;XDT;
SQK�+2Mi`B/�2 ai2;�bi2b �H#B7�b+B�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfk3fyRf3Nd9ynQ`B;XDT;
SQK�+2Mi`B/�2 ai2;�bi2b /B2M+�2mb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy8fRkfy3f99dNynQ`B;XDT;
SQK�+2Mi`B/�2 ai2;�bi2b HBpB/mb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfyjfjj8j9nQ`B;XDT;
SQK�+2Mi`B/�2 ai2;�bi2b T�`iBimb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy8fRkfy3f8k9eenQ`B;XDT;
SQK�+2Mi`B/�2 ai2;�bi2b p�`B�#BHBb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRRfykfRkfy8fe883jnQ`B;XDT;
SQK�+2Mi`B/�2 h2Bt2B`B+?i?vb DQ`/�MB ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfykfkR8eynQ`B;XDT;
h2i`�Q/QMiB/�2 �`Qi?`QM }`K�K2MimK ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfykfjke9NnQ`B;XDT;
h2i`�Q/QMiB/�2 �`Qi?`QM }`K�K2MimK ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfykfjke9NnQ`B;XDT;
h2i`�Q/QMiB/�2 *�Mi?B;�bi2` T�Tm� ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRRfRyfR9fR3f9RRj9nQ`B;XDT;
h2i`�Q/QMiB/�2 *�Mi?B;�bi2` `Qbi`�i� ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfk3fy9fk9y3enQ`B;XDT;
h2i`�Q/QMiB/�2 *?2HQMQ/QM TH2m`QbTBHmb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fy8fj3Ne9nQ`B;XDT;
h2i`�Q/QMiB/�2 *QHQK2bmb �b2HHmb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyNfyjfR9f39yNknQ`B;XDT;
h2i`�Q/QMiB/�2 *QHQK2bmb TbBii�+mb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fy8fjddy9nQ`B;XDT;
h2i`�Q/QMiB/�2 G�;Q+2T?�Hmb H�2pB;�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRRfykfRkfy8fRRdejnQ`B;XDT;
h2i`�Q/QMiB/�2 G�;Q+2T?�Hmb H�2pB;�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRRfykfRkfy8fRRdejnQ`B;XDT;
h2i`�Q/QMiB/�2 G�;Q+2T?�Hmb bm2x2MbBb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fRNfkjf9jRR8nQ`B;XDT;
h2i`�Q/QMiB/�2 G�;Q+2T?�Hmb r?22H2`B ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfyjfjeeeknQ`B;XDT;
h2i`�Q/QMiB/�2 aT?Q2`QB/2b �MMmH�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfy8fRNfkjf8RN33nQ`B;XDT;
h2i`�Q/QMiB/�2 aT?Q2`QB/2b /Q`b�HBb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfRRfRdfRRf333N9nQ`B;XDT;
h2i`�Q/QMiB/�2 aT?Q2`QB/2b T�+?v;�bi2` ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfyjfRd3yjnQ`B;XDT;
h2i`�Q/QMiB/�2 aT?Q2`QB/2b T�`pmb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyyNfRRfRdfRRfjeRRRnQ`B;XDT;
h2i`�Q/QMiB/�2 h�FB7m;m MBT?Q#H2b ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfkdfkjfddRejnQ`B;XDT;
h2i`�Q/QMiB/�2 h�FB7m;m Q#HQM;mb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfykfjRjjNnQ`B;XDT;
h2i`�Q/QMiB/�2 h�FB7m;m Q+2HH�imb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfkdfkjfejjd9nQ`B;XDT;
h2i`�Q/QMiB/�2 h�FB7m;m TQ2+BHQMQimb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fy8fyee9ynQ`B;XDT;
h2i`�Q/QMiB/�2 h�FB7m;m TQ`T?v`2mb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfkdfkjfyd3j3nQ`B;XDT;
h2i`�Q/QMiB/�2 h�FB7m;m `m#`BT2b ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfkdfkRfjkReRnQ`B;XDT;
h2i`�Q/QMiB/�2 h�FB7m;m p2`KB+mH�`Bb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfyjfNe8yenQ`B;XDT;
h2i`�Q/QMiB/�2 h�FB7m;m t�Mi?QTi2`mb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRkfyRfkdfkjfeRNNynQ`B;XDT;

N
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7�KBHv bT2+B2b m`H
h2i`�Q/QMiB/�2 h2i`�+i2MQb ?�KBHiQMB ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfy9fk8fyjf33ejRnQ`B;XDT;
h2i`�Q/QMiB/�2 hQ`[mB;2M2` ?vTb2HQ;2M2BQM ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfyjf9jy8RnQ`B;XDT;
h2i`�Q/QMiB/�2 hQ`[mB;2M2` ?vTb2HQ;2M2BQM ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfyjf9jy8RnQ`B;XDT;
h2i`�Q/QMiB/�2 hvH2`Bmb bTBMQbBbbBKmb ?iiT,ffK2/B�X2QHXQ`;f+QMi2MifkyRjfyjfRkfykfydRe9nQ`B;XDT;

_272`2M+2b

*?�F`�#�`iv- SX Ukyy8VX h2biBM; *QMD2+im`2b �#Qmi JQ`T?QHQ;B+�H .Bp2`bBiv BM *B+?HB/b Q7 G�F2b J�H�rB �M/
h�M;�MvBF�X *QT2B�- kyy8- j8NĜjdjX
L2HbQM- CXaX URNN9VX 6Bb?2b Q7 i?2 qQ`H/- j`/ 2/XMX CQ?M qBH2vc aQMb- AM+X- L2r uQ`FX

Ry
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6B;m`2 aR, � b+`22Mb?Qi Q7 i?2 r2# �TT i?�i im`F2`b mb2/ iQ /B;BiBx2 BK�;2bX � HBp2 /2KQMbi`�iBQM Bb �p�BH�#H2 �i ?iiTb,
ffDQM+?�M;X;Bi?m#XBQf2QH@Kim`F@H�M/K�`Ff
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family
Acanthuridae
Apogonidae
Balistoidae
Chaetodontidae
Labridae
Pomacentridae
Tetraodontidae
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Qi?2` S* �t2b �`2 b?QrM BM 6B;b 9 �M/ a8X
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Acanthuridae Apogonidae Chaetodontidae
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CHAPTER 3

TACT: Taxonomic Addition for Complete Trees using

birth-death-sampling estimators

3.1 Abstract

Phylogenies are critical components for analyses in ecology and evolutionary biology.

However, many phylogenetic trees are incompletely sampled due to limitations in data and

specimen availability. Generating complete phylogenies in the face of incomplete sampling

generally requires attaching missing (unsampled) taxa to a backbone, the placement of

which is estimated by imputation from the sampled data. Current methods for placing

unsampled taxa onto a backbone generally assume a constant-rate branching process, a

model that is unrealistic in the face of widespread rate heterogeneity in empirical systems.

Here we present a method, TACT: Taxonomic Addition for Complete Trees, that uses birth-

death-sampling estimators at nodes across an ultrametric backbone phylogeny to estimate

branching times for unsampled taxa, then uses taxonomic information to compatibly place

these new taxa onto a backbone phylogeny. Distributions of these completely sampled

trees can greatly improve inference in diversification analyses, decreasing these methods’

susceptibility to incorrect inference due to uneven sampling or rate heterogeneity across

the tree of life.

3.2 Introduction

Phylogenetic trees, which describe the historical relationships between organisms, have

become indispensable tools for answering questions in ecology and evolutionary biology,
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ranging from systematics to biogeography and conservation. In macroevolutionary studies

particularly, phylogenies have been used to understand historical patterns of diversification

and fit various models that could generate the observed pattern of diversity. Studies of

this nature, however, must be cautious when using incompletely sampled phylogenies,

due to the potential of misleading results (Pybus and Harvey 2000).

Despite the advantages of using completely sampled phylogenies for evolutionary

inference, these are still rare in empirical studies, save for young radiations of some model

organisms, such as swordtails and Darwin’s finches (Kang et al. 2013, Lamichhaney et

al. 2015). In contrast, major groups of organisms that span deep time, such as mammals,

birds, fishes, and plants, lack complete resolution (Bininda-Emonds et al. 2007, Jetz et

al. 2012, Rabosky et al. 2013, Zanne et al. 2014). Even in smaller groups of organisms

where complete sampling is more feasible, many obstacles stand in the way of completely

sampled molecular phylogeny, ranging from the poor accessibility of tropical specimens

(Reddy 2014) to recent extinction (but see e.g., Cooper et al. 2001).

Assuming a uniform global sampling fraction when sampling is non-random can

severely bias estimates of diversification rates even in small (n < 100) phylogenies (Cusi-

mano and Renner 2010, Brock et al. 2011, Höhna et al. 2011). Due to this issue, researchers

have generally turned to three methods to address the lack of complete species-level

phylogenies: modifying the likelihood function to condition on the degree of sampling,

using terminally unresolved trees, or adding unsampled lineages with stochastic polytomy

resolvers.

To account for unsampled lineages, several comparative methods (FitzJohn et al. 2009,

Rabosky 2014) modify their likelihood function to account for the degree of incomplete

sampling. The reconstructed birth-death process (Nee et al. 1994) uses a likelihood function

that assumes complete sampling for extant taxa. It is possible to modify the extinction

parameter to not just represent the probability of a lineage going extinct, but the probability

that any lineage is not sampled at the present (Fig. 3.1).

This technique, however, requires that the downstream comparative method both (a)
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Figure 3.1: Comparison of different methods to accommodate incompletely sampled
phylogenies. (A) The reconstructed phylogeny, which is unobserved by the researcher.
(B) Incompletely sampled phylogeny, with unsampled lineages represented as dotted
lines. Clades, which are highlighted in different colors, can be defined by the researcher
and assigned different sampling fractions ρ, as used in BAMM. However, other methods,
including BiSSE, must instead specify a global sampling fraction for the phylogeny, in
this case ρ = 0.6. (C) Incompletely sampled phylogeny, with clades collapsed down
to terminal exemplar lineages, represented as triangles, and with researcher assigned
sampling fractions ρ and total richness n, as used in methods such as MEDUSA. Note that
MEDUSA can use the fully-resolved version of the top ”green” clade, since it is completely
sampled; however, other methods will generally require all terminal taxa to be resolved to
the same rank, such as the genus level, even if some genera are fully-resolved. (D) One
realization of a stochastic polytomy resolution approach, which is used in methods such
as PASTIS and TACT. Stochastically placed tips are highlighted in red.

implements this analytic correction, and (b) permits this correction to be applied non-

uniformly across the phylogeny, which is an assumption of the original method (Pybus

and Harvey 2000, Maddison et al. 2007). Methods such as BiSSE (Maddison et al. 2007),

BAMM (Rabosky 2014), and RPANDA (Morlon et al. 2016) do implement this correction, but

only BAMM allows the researcher to specify different sampling fraction across portions of a

phylogeny. Alternative techniques add an extra parameter to account for the degree of

overdispersed sampling (α in Brock et al. 2011), or replace the assumed uniform probability

for sampling a lineage with one that maximizes or minimizes the edge lengths in the

sampled phylogeny ( fDS and fCS in Höhna et al. 2011). However, determining the precise

α value or which sampling scheme to use can be problematic (Cusimano et al. 2012).

In other situations where species-level resolution is not possible, researchers can also

use comparative methods that analyze phylogenies with terminal exemplar taxa, where a

single tip may represent an entire genus or family, with sampling fractions and estimated

richness assigned to the tips (Figure 3.1; e.g., MEDUSA, Alfaro et al. 2009, Pennell et al. 2014).
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MEDUSA-like methods that rely on the mathematics of Magallon and Sanderson (2001) may

have more power to detect diversification rate shifts in the face of rampant incomplete

lineage sampling (ρ < 0.5)1.

Incomplete sampling corrections that use the extinction rate to represent the probability

of not observing a lineage for any reason have difficulty in young, species rich clades

where the extinction rate is near zero and therefore a birth-death diversification model

is inappropriate. However, comparative methods that use terminal exemplar taxa may

in some cases be to conservative, as it becomes impossible to estimate parameters or rate

shifts below the level of exemplar representation. Using phylogenies terminally unresolved

tips may therefore discard data that would otherwise contribute to diversification analyses.

A final way to deal with incomplete sampling is to use a stochastic polytomy resolver

to place missing (unsampled) species onto a sampled backbone phylogeny (Kuhn et al.

2011, Thomas et al. 2013). These have been used to successfully generate distributions of

complete phylogenies for birds (Jetz et al. 2012), or to place recently-extinct or hypothesized

species onto otherwise complete phylogenies (Revell et al. 2015). This class of methods lie

upstream of the former two comparative methods, and are therefore fully agnostic with

respect to the eventual comparative method used. Due to the advantages of this technique,

we have developed a new method, TACT: Taxonomic Addition for Complete Trees, that

uses taxonomic information combined with a time-calibrated backbone phylogeny to

compatibly place unsampled lineages using a birth-death-incomplete sampling estimator.

We describe the method and compare it to other stochastic polytomy resolvers.

1Dan Rabosky, ”Hence, if you specify incomplete sampling fractions in BAMM, I would be surprised
if you get the same results [as MEDUSA], at least if your tree is fairly incomplete (< 50% taxa sampled)”,
https://github.com/macroevolution/bamm/issues/135#issuecomment-106432496
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3.3 The TACT Method

3.3.1 Method description

TACT requires a time-calibrated phylogeny; these can be estimated in a number of software

programs, including BEAST (Drummond et al. 2012), MCMCtree (Rannala and Yang 2007),

r8s (Sanderson 2003), and treePL (Smith and O’Meara 2012). The researcher must also

supply a taxonomic tree where each tip in their clade of interest is represented, and

polytomies at higher ranks (e.g., genus, family) represent monophyletic constraints that

will be tested against the backbone phylogeny and potentially resolved in the complete tree.

These taxonomy trees could be downloaded from the Open Tree of Life project (Hinchliff

et al. 2015) or generated using the as.phylo.formula function from the R package ape

(Paradis et al. 2004). For convenience, we also supply a command that will generate a

taxonomy tree from a comma-separated values (CSV) file, tact_build_taxonomic_tree,

where each column represents a taxonomic rank, from most inclusive to least inclusive,

with the last column as the species name, and each row represents a separate species. This

file must also be sorted alphabetically.

Once the researcher has both a time-calibrated phylogeny and a taxonomy tree, the

tact_add_taxa command will start placing unsampled species to generate a realization

of the complete phylogeny. For each defined taxonomy rank that was recovered as

monophyletic in the backbone phylogeny, TACT performs a maximum likelihood estimate

of the birth and death rates under the birth-death-sampling equation (Stadler 2009). These

estimated rates are then used to parameterize a birth-death model to generate new waiting

times for the unsampled species at this taxonomic rank.

However, if the probability of sampling the crown age of that node given the number

of sampled taxa (Sanderson 1996) is below a user-defined threshold (option --min-ccp,

default = 0.8), we instead walk up the ancestor chain to identify a valid taxonomic node

that does fulfill that criteria.

The generated waiting times are bounded between the crown age of that clade and
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the present time (t = 0). However, if the crown capture probability was less than 0.8,

the maximum permitted age is extended to the stem age of the taxonomic node. These

waiting times are used to randomly attach unsampled species to an existing branch

within their assigned taxonomic rank, as long as these new species did not break the

monophyly of nodes that were recovered as monophyletic and assigned a taxonomic rank,

and constrained to not produce negative branch lengths due to a child node being added

that was older than a parent node.

In the special case where all of the child branches of a taxonomic node belong to a

monophyletic node, or if the crown capture probability of the entire clade is less than 0.8,

the new species is instead assigned to the stem of that clade, and the waiting time will be

bounded between the stem age and the crown age of that taxonomic node.

3.3.2 Implementation

TACT is implemented as a Python 2.7 package. Certain likelihood functions are based on

code from the R packages TreePar and SimTree (Stadler 2009, 2011a,b). TACT depends on

the Python packages SciPy (Oliphant 2007) and DendroPy (Sukumaran and Holder 2010),

and uses the truncated-Newton bound-constrainted optimizer (Nash 1982) to perform the

maximum-likelihood estimate of the speciation and extinction parameters.

3.4 Conclusion

Our method is similar to stochastic polytomy resolution as implemented in PASTIS (Thomas

et al. 2013), but can instead use all available molecular data to construct the backbone

phylogeny in a single analysis, rather than a two-stage process that begins with a reduced

backbone dataset followed by separate tree searches for each crown lineage that jointly

estimate the placement of species with and without molecular data (Jetz et al. 2012). Ad-

ditionally, the MrBayes software (Ronquist et al. 2012) that PASTIS relies on for inference

assumes a homogenous birth-death process across the entire phylogenetic tree, an unreal-
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istic assumption given the common observation of diversification rates that vary among

lineages and through time (e.g., Foote et al. 1999, Magallon and Sanderson 2001). TACT

produces a local estimate of diversification rate at every taxonomic rank, permitting a

more accurate placement of unsampled taxa, as diversification rate heterogeneity might

significantly bias the inferred waiting times.

Although TACT uses the likelihood equations from CorSiM (Cusimano et al. 2012),

it still represents a significant improvement on the functionality of that method. For

example, CorSiM only generates estimated waiting times based on the sampled richness

and waiting times; it does not place these splits onto a backbone phylogeny. It also does not

easily permit diversification rate heterogeneity, and the researcher must instead manually

separate clades that have may have different birth-death rates and estimate new waiting

times on these hand-split lineages. With respect to CorSiM, TACT is much more flexible, as

it will automatically split lineages to accommodate potential rate heterogeneity, and will

also attempt to place unsampled lineages into a complete phylogeny subject to taxonomic

constraints.

TACT easily accommodates among-lineage diversification rate heterogeneity, but we

note that, in some instances, temporal diversification rate heterogeneity may also impact

comparative inference. More complex, variable-rate diversification models, such as the

ones implemented in GEIGER (Pennell et al. 2014), may be more appropriate in these

situations. However, as the constant-rate process is generally assumed to be the null model

in most comparative methods, we expect that the false positive rate for TACT-generated

phylogenies to be low. Our conservative placement of species, where we assign species

belonging to non-monophyletic ranks to the next highest monophyletic rank, will also

tend to decrease the probability of Type I errors.

We have a presented a new method, TACT, that generates distributions of completely-

resolved species-level phylogenies that can be used for any downstream comparative

method. Reducing the deleterious impacts of nonrandom species sampling can greatly

improve diversification analyses (Cusimano and Renner 2010, Brock et al. 2011, Höhna

et al. 2011), and we see TACT playing an important role in comparative analyses where
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phylogenies are incompletely sampled.
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CHAPTER 4

An online resource for the ray-finned fish tree of life

4.1 Abstract

Using phylogenetic trees has been critical for comparative researchers investigating prob-

lems in ecology, evolution, and biodiversity. Yet despite the increase in the number of

phylogenies published, phylogenetic inference itself remains a specialized skill requiring

expert knowledge to correctly perform, potentially limiting the pool of phylogenetic infor-

mation available. Research requiring phylogenetic data is therefore challenges in obtaining

such data, potentially slowing down progress in evolutionary biology. To resolve this

problem, here we present a web resource for a recent phylogeny, that provides convenient

access to our sequences, phylogenies, and fossil calibrations. These data are already vetted

for quality, and as they are also available in pre-subsetted varieties (by e.g., family), they

will facilitate phylogenetic reuse and increase access to phylogenetic datasets. We demon-

strate some example use cases and conclude by advocating for similar approaches in other

taxonomic groups.

4.2 Introduction

Phylogenies are now commonplace in analyses in evolutionary biology, and are used for

myriad purposes, including studies of classification, diversification, trait evolution, and

community composition. The light that phylogenetic research can shine on open questions

in biology is clouded by the fact that inferring phylogenies is quite challenging and

fraught with peril for non-specialist researchers. One way of avoiding these pitfalls is re-
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using existing phylogenies, which can make phylogenetic knowledge accessible without

requiring researchers to collaborate with phylogenetic experts or learn phylogenetics

themselves. However, surveys of the biological literature have estimated that 60-95% of

previously-published phylogenetic datasets are no longer accessible (Stoltzfus et al. 2012,

Drew et al. 2013, Magee et al. 2014, McTavish et al. 2017), pointing to a disturbing failure

of the scientific community to share data and potentially creating a major barrier to new

comparative analyses.

One alternative solution is a ”tree of life” approach, to centralize research effort in order

to create a standard phylogenetic dataset that anyone can subset and reuse (McTavish

et al. 2017). These broad phylogenies, in diverse groups such as mammals, birds, fishes,

squamate reptiles, and plants (Bininda-Emonds et al. 2007, Jetz et al. 2012, Rabosky et

al. 2013, Pyron et al. 2013, Zanne et al. 2014), represent the best target for phylogenetic

re-use, as their diverse sampling means it is likely to cover the species that a typical

taxon-focused researcher would be interested in. However, even with the release of tools

such as the Open Tree of Life (Hinchliff et al. 2015), it is still not easy to reuse or subset

these megaphylogenies, nor is it straightforward to integrate them with other data sources

without substantial programming expertise.

Progress in evolutionary biology has therefore been hindered by the difficulty of access-

ing, reusing, and remixing phylogenetic data. Reuse is hamstrung by three major problems:

vetting and curation (how to ensure that high-quality data and methods generated a phy-

logeny?), removing existing data (how to only use a portion of the megaphylogeny?),

and adding new data (how to add new data to an existing megaphylogeny or a portion

thereof?).1

We briefly survey existing approaches to making phylogenetic knowledge accessible in

general, and efforts to do so specifically in the ray-finned fishes (Actinopterygii), the most

diverse group of vertebrates with approximately 33,000 species.

1We do not address a potential fourth issue: community resistance to re-used trees (e.g., the common
belief that, if you need a phylogeny, you should build it yourself to ensure its correctness).
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4.2.1 General efforts

The 10kTrees project (10ktrees.nunn-lab.org; Arnold et al. 2010) permits researchers to

download phylogenies for mammals, namely primates, even-toed ungulates, odd-toed

ungulates, and carnivorans. Within these groups, the phylogram and chronogram are

available to download, and taxonomic subsets of these phylogenies can also be custom

generated and downloaded. In addition, the full multiple sequence alignment can also be

downloaded. However, the fossil calibration information is not available except as text.

The BirdTree.org website (Jetz et al. 2012) similarly permits taxonomic subsets of the

chronogram to be downloaded, as well as the full chronogram and multiple sequence

alignment. Fossil calibration information cannot be downloaded.

The DateLife and Phylomatic projects (datelife.org; phylodiversity.net; Webb and

Donoghue 2005, Stoltzfus et al. 2013) permit researchers to download taxonomic sub-

sets from many published time-calibrated phylogenies. However, related data pertaining

to these phylogenies, such as fossil calibrations and sequence alignments, cannot be

downloaded from this service.

The TimeTree website (Hedges et al. 2006) permits researchers to interactively download

phylogenies of taxonomic subsets using data from many different published phylogenies.

However, machine reuse and synthesis is explicitly forbidden by the website, and a full

data download is not available.

The Open Tree of Life project (opentreeoflife.org; Hinchliff et al. 2015) has an interactive

interface to browse and download subsets of their synthetic phylogeny, possibly including

polytomies at nodes where precise phylogenetic data are not available. The source phylo-

genies for their synthesis can all be downloaded, including expert curation information

and taxa mapping. However, Open Tree phylogenies are all cladograms as they do not

incorporate information about the timing of splitting events on a tree.
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4.2.2 Efforts in ray-finned fish

The Euteleost Tree of Life (ETOL) phylogeny (Betancur-R et al. 2013) distributed in machine-

readable formats a multiple sequence alignment and a phylogram. The fossil calibrations

and chronogram were only present in the manuscript as text and figures, but we note that

a chronogram was later made available for an update of the ETOL phylogeny (Betancur-R

et al. 2017). A website for the ETOL project was originally published at fishtree.org, but

that site is not operational as of 2017; deepfin.org now appears to host links to various

iterations of the ETOL classification.

The Rabosky phylogeny (Rabosky et al. 2013) distributed in machine-readable formats

a chronogram and a table of GenBank accession numbers. Fossil calibrations were present

as a table in the text.

The Near phylogeny (Near et al. 2013) distributed in machine readable format a multiple

sequence alignment, but the fossil calibrations and chronogram were only present in the

manuscript as text and figures.

4.2.3 Our approach

Here we describe a new community resource, fishtreeoflife.org. This website provides

our most recent phylogeny (Rabosky et al. in review) for the ray-finned fishes (class

Actinopterygii), the most species-rich group of vertebrates representing over half of their

diversity with approximately 33,000 species. We also include fossil information used

to time-calibrate this phylogeny, and organize these data taxonomically using a new

taxonomy derived from this new phylogeny and others (Rabosky et al. 2013, Betancur-R et

al. 2013, Near et al. 2013). We finally demonstrate a few use cases for comparative biologists,

and suggest that this pattern of providing resources be used as a template for the other

branches on the tree of life.
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4.3 Description

Our website aims to serve as a portal for comparative ichthyological research. Similar

to Dryad, the full datasets used to generate our phylogeny are available for download,

including the multiple sequence alignment, the phylogram from RAxML (Stamatakis

2014), the time-calibrated phylogeny from treePL (Smith and O’Meara 2012), and the fossil

calibrations used to calibrate that phylogeny.

We also have tools for researchers to explore different subsets of the fish tree of life,

browsing by taxonomic family and browsing by fossil calibration.

4.3.1 Browsing taxonomic subsets

We expect most researchers to approach our online resource from a taxon-specific perspec-

tive. We therefore have created a page for each family we included in our taxonomy. On

each family page, researchers can see the full list of species included in the family, whether

that species is placed on the phylogeny with molecular or merely taxonomic data, the

fossil calibrations associated with that family, and downloads related to that family. These

downloads include both the phylogram, inferred via RAxML (Stamatakis 2014), and the

chronogram, time-calibrated by treePL (Smith and O’Meara 2012).

Researchers can directly use these phylogenies in e.g., R using the APE package (Paradis

et al. 2004). The following example downloads the tree for the Acanthuridae (surgeonfishes)

and generates a lineage-through-time plot:

library(ape)

url <- "https://fishtreeoflife.org/downloads/family/Acanthuridae.tre"

tree <- read.tree(url)

ltt.plot(tree)

Aligned sequence data are also available to download. This permits a researcher who

has collected their own genetic data to simply use profile alignment from e.g., MAFFT
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(Katoh and Toh 2008) to incorporate their new data into our existing, validated multiple

sequence alignment. This increases the speed at which researchers can, for example, infer

a new phylogenetic tree for a taxon of interest.

4.3.2 Browsing fossil calibrations

We have also included a fossil section to our Fish Tree of Life website. The fossils page lists

all 139 fossil calibrations used in our analysis, as well as the phylogenetic placement of

those fossils on the phylogeny.

Each fossil has its own page associated with it, which includes the exact fossil taxon

being used to calibrate the group (e.g., crown Acanthuridae), as well as the minimum age,

authority for fossil placement, and fossil locality. We also incorporate the maximum 95%

estimated age through the Hedman fossil outgroup process (Hedman 2010), and list the

fossil outgroup sequence used to calculate that maximum estimated age. These ages were

used in the treePL (Smith and O’Meara 2012) dating analysis to provide upper bounds for

calibrations.

4.3.3 Downloading data

Downloads of our entire dataset are available through the Downloads section of the

website. Information on individual pages, such as the family-level taxonomy pages, can

also be downloaded in a machine-readable Javascript Object Notation (JSON) format.

Phylogenetic and sequence data are also provided, in the standard Newick and Phylip

formats, for each of these subsets as well. We anticipate that these pre-subsetted data will

lower the barrier of entry for comparative researchers to begin using phylogenetic and

molecular data without tedious preparation and data cleaning and integration steps.
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4.3.4 Contributing data

Researchers from other lab groups can easily contribute additional phylogenies, sequence

matrices, and fossil calibrations and add them to our dataset. As our web resource is

developed using Github, and all the associated data are stored on Github, users simply

need to create a ”pull request” that adds their own data into the repository. The merged

pull request will automatically build the Fish Tree of Life website using our continuous inte-

gration infrastructure. Based on the data provided, the website will automatically include

links to additional, user-contributed datasets or subsets of datasets on the appropriate

taxon or fossil page.

4.4 Conclusion

We have presented a comprehensive web resource for comparative ichthyologists, and re-

searchers generally interested in macroevolutionary questions. Our resource has numerous

facilities to permit researchers to easily use manageable subsets of an otherwise dauntingly

large dataset. We believe that this is a key step forward to making phylogenetic data avail-

able to comparative researchers, and will help to close the gap between researchers skilled

at generating phylogenies, and researchers interested in answering other empirical or

theoretical questions that may not necessarily have an affinity for phylogenetic inference.

Our website can be accessed at https://fishtreeoflife.org. The source code is

available on on GitHub, https://github.com/jonchang/fishtreeoflife.org.
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CHAPTER 5

Devouring the fish tree of life: the phylogenetic

distribution of human exploitation

5.1 Abstract

Humans intensively harvest fishes, and although size-selective exploitation is known to

cause large changes in exploited species’ phenotypes, the macroevolutionary implications

of this pervasive harvest remain unexplored. “Anthropogenic filtering”, where human

consumers preferentially exploit fishes with specific phenotypes, ecologies, or habitats,

could pose a heightened risk to fish diversity at the macroevolutionary scale by exploiting

fishes that are particularly vulnerable or provide unique functions to their ecosystems.

We test this hypothesis with respect to three axes of fish biodiversity: 1) phylogenetic

diversity, 2) phenotypic diversity measured through body size, and 3) ecological diversity

measured through habitat. Consistent with the anthropogenic filter hypothesis, we find

that fished species are more closely related to each other than expected. We also show

that exploited species tend to be larger than their unexploited sister lineages, and that

exploited species are overrepresented in reef-associated systems. Our results suggest

that human exploitation of fishes is likely to be more disruptive to ecosystem function

due to size-selective harvesting at the macroevolutionary level, and exerts heightened

pressure on fish biodiversity, both in productive reef-associated environments, and overall

due to its uneven phylogenetic distribution. Our results have broad implications for

marine conservation efforts to mitigate these potentially negative effects of anthropogenic

exploitation.
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5.2 Main text

Human harvesting of fish species dates back to some of the earliest archeological records

(Jerardino et al. 1992), but over time these subsistence harvests have given way to industrial

fishing operations, which have had immense impacts on global fish populations (Worm

et al. 2009). This harvesting has had increasingly well-documented effects on the ecology

and population biology of individual species and assemblages (Jorgensen 1990, Law 2000,

Fenberg and Roy 2008). For example, size-selective harvesting acts as a powerful selective

force affecting not only body sizes of harvested species, but also many aspects of their

life histories, such as age at maturity and fecundity (Jorgensen 1990, Law 2000, Heino

et al. 2015). Because body size plays an important role in macroevolutionary dynamics

(Jablonski 1996, Rabosky et al. 2013), these fisheries-induced declines in body size have

significantly altered their natural evolutionary trajectories (Fenberg and Roy 2008).

These species-level assessments, especially in the wake of collapsing fisheries, have

raised awareness and informed conservation priorities centered on species- or stock-

specific management. Commercial exploitation may increase the vulnerability of exploited

species to extinction through several mechanisms, including reduced population size,

restriction of geographic range, and habitat or ecosystem alteration. Exploitation may also

render species functionally extinct via the same mechanisms (Anderson et al. 2011, Galetti

et al. 2013). However, we are unable to quantify the phylogenetic extent of exploitation

or the threat to aspects of biodiversity, due to our lack of a broader macroevolutionary

perspective that assesses harvesting on the fish tree of life. As larger lineages tend to

play a more critical role in ecosystem function than smaller lineages (Solan 2004, Séguin

et al. 2014), concentrated exploitation of fish lineages with shared phenotypic characters

and/or habitat would alter their evolutionary trajectory and impair ecosystem function and

productivity. A phylogenetic perspective also permits a broader point of view through deep

time, as comparative biologists and paleontologists have often invoked ”species selection”

to explain why certain lineages seem to flourish and others fail to thrive (Jablonski 2008).

Therefore, from a macroevolutionary perspective, humans may be acting as agents of
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species selection (Carroll et al. 2014). Though the extent of the potential threat of human-

mediated species selection to fish biodiversity is unknown, we hypothesize that human

exploitation may act as such a filter on biodiversity at macroevolutionary scales, the

”anthropogenic filter”. Here we test this hypothesis with respect to three important aspects

of fish biodiversity: phylogenetic, phenotypic, and ecological diversity.

Using a time-calibrated phylogeny of ray-finned fishes consisting of 11638 species

(38.79% of ray-finned fish diversity and 65.21% of exploited species), we test the prediction

of phylogenetic clustering by assessing the degree of relatedness associated with exploited

species (Figure 5.1). If exploited species tend to be related to each other, this suggest

that some shared evolutionary characteristic, such as a specific phenotype or ecology,

predisposes lineages to experience exploitation, therefore enhancing the risk to ecosystem

functioning (Purvis 2000). Exploited species were significantly phylogenetically clustered

at both shallow and deep scales (pmpd = 0.025, pmntd = 0.073, Table 5.1). This result

suggests that there is an intrinsically greater threat to fish biodiversity than would be

expected if exploitation were randomly distributed across the phylogeny, and that the

species-level effects of exploitation on life history traits, such as body size and reproductive

age, are phylogenetically distributed in such a way to amplify their threat to biodiversity.

Exploitation type Number of taxa MPD MNTD %E(PD)

exploited 3106 0.001*** 0.001*** 10.0%***
unexploited 8388 0.088. 0.136 5.6%***
highly commercial 196 0.28 0.313 24.6%***
commercial 1505 0.025* 0.049* 12.6%***
minor commercial 1162 0.001*** 0.001*** 8.4%***
subsistence fisheries 243 0.472 0.505 13.1%***
of no interest 8166 0.025* 0.001*** 5.5%***
of potential interest 35 0.313 0.313 -2.7%

Table 5.1: Statistics on the distribution of exploitation across the phylogeny. The ’exploited’
and ’unexploited’ categories are aggregations of the other categories. Exploited = com-
mercial, highly commercial, minor commercial, subsistence fisheries. Unexploited = of no
interest, of potential interest. Significance codes: p < 0.001: ***; p < 0.01: **; p < 0.05: *;
p < 0.1: .

This pattern of clustering could be due to shared phenotypes or shared ecologies,
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Cyprinidae
%exp 299/3028

EPD: 8.73%**
MPD** MNTD*

Salmonidae
%exp 52/228

EPD: −3.99% 
MPD  MNTD 

Macrouridae
%exp 69/400

EPD: 5.43% 
MPD. MNTD 

Labridae
%exp 160/634

EPD: 8.78%**
MPD  MNTD*

Sciaenidae
%exp 189/285

EPD: −3.22% 
MPD  MNTD 

Nemipteridae
%exp 60/67

EPD: −2.16% 
MPD  MNTD 

Sparidae
%exp 115/149

EPD: 1.02% 
MPD  MNTD 

Lutjanidae
%exp 120/133

EPD: −0.753% 
MPD  MNTD 

Haemulidae
%exp 88/133

EPD: 1.25% 
MPD  MNTD 

Serranidae
%exp 186/539

EPD: 18.1%***
MPD*** MNTD***

Scorpaenidae
%exp 77/349

EPD: 19.2%**
MPD  MNTD**

Scombridae
%exp 51/54

EPD: −2.14% 
MPD  MNTD 

Gobiidae
%exp 61/1720

EPD: 3.65% 
MPD  MNTD 

Carangidae
%exp 141/146

EPD: −0.432% 
MPD  MNTD 

Paralichthyidae
%exp 57/112

EPD: 3.5% 
MPD  MNTD 

Pleuronectidae
%exp 60/104

EPD: 12.5%*
MPD** MNTD.

Mugilidae
%exp 48/76

EPD: 1.02% 
MPD  MNTD 

Cichlidae
%exp 93/1677

EPD: −10.2% 
MPD  MNTD 

Clupeidae
%exp 282/384

EPD: −1.54% 
MPD  MNTD 

Ariidae
%exp 64/153

EPD: −3.87% 
MPD  MNTD 

Figure 5.1: Phylogeny of ray-finned fishes, with species tips colored by mass caught
between 2004–2014, or gray if that species was not commercially fished. The top 20 families
by number of exploited species are highlighted as arcs drawn across the phylogeny; each
box contains details on the fraction of exploited species richness within that family, the
percent difference in expected phylogenetic diversity (dE(PD)) and its significance, and the
significance of the mean nearest taxon distance (MNTD) and mean phylogenetic distance
(MPD) for that family. Significance codes: p < 0.001: ***; p < 0.01: **; p < 0.05: *; p < 0.1:
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or merely due to phylogenetic relatedness. Heritable factors that promote risk, such as

body size, could explain the observed clustering pattern. Therefore, we test whether

exploited species tend to be larger than unexploited species while also correcting for

phylogenetic non-independence. As many large-bodied fish species are the basis of major

commercial industries, we expect that larger-sized lineages are similarly preferentially

exploited at the phylogenetic scale due to a species selection effect. Although exploited

fish exist in a range of body sizes, we find that after accounting for shared ancestry using a

phylogenetic generalized linear mixed model, lineages which have tended to evolve larger

size are preferentially fished as well (p < 0.001). This effect is not merely driven by a few

large clades; a more conservative sister lineage test similarly found that 701 out of 963

fully-exploited clades had average body sizes greater than their unexploited sister clades

(Figure 5.2). Both of these analyses are consistent with the prediction that lineages that

have evolved larger sizes tend to be more exploited. The strong signal of species-level

size-selective harvesting suggests the possibility of fisheries-induced changes in species’

phenotypes.

We also consider whether accessiblity to fishing grounds and economic productivity

also plays a role in predicting exploitation. Commercially-exploited species should gener-

ally be present in shallower reef-associated environments, and less often in deep water

environments where it is more challenging and unprofitable to fish. We therefore test

whether habitat can predict exploitation and find that fishes in reef-associated environ-

ments are significantly and disproportionately overrepresented, being 2.10 times more

likely to be exploited than the average fish (p = 0.02). In contrast, fishes in deeper waters,

such as bathypelagic species, which live and feed below 300m, were 4.14 times less likely

to be exploited (p < 0.001).

The disproportionate impact of fishing on these productive reef-associated habitats,

combined with our previous pattern of size-selective harvesting, potentially has deleterious

effects on ecosystem function. Large fish tend to play an important ecological role as top

predators that regulate levels of smaller prey fish (Pauly et al. 1998, Jackson et al. 2001,

Essington et al. 2006), and any reduction or extirpation of their populations will have a
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Figure 5.2: Sister lineage comparison of body size in exploited clades to unexploited clades.
Each line represents the difference in body size between the left and right clade of a sister
lineage comparison. For comparisons where the exploited clade is larger, the line is colored
red; otherwise the line is colored black.
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major impact on the stability of these ecosystems. Large-bodied fish also tend to occupy

roles that have less functional redundancy than smaller-bodied species due to their lower

abundances and higher trophic level (Bellwood et al. 2003, Séguin et al. 2014). Supposing

that the reduction of diversity of large-bodied guilds of fish is maintained through time,

the long-term productivity of habitats where fish are disproportionately harvested such as

reefs would precipitously decline due to fewer predators and smaller individuals caused

by species-level size-selective harvesting.

The phylogenetic structure of exploited species suggests that multiple processes are

contributing to these observed patterns. In particular, the clustering of exploitation pres-

sure close to the tips of the tree indicate exploited species have traits that tend to co-occur

with recent diversification events. The observed link between speciation and rates of body

size evolution in fishes (Rabosky et al. 2013, Heim and Knope 2015a) suggests that, if a

single process generates both species richness and phenotypic disparity, filtering out fish

species that have evolved morphological novelty may also reduce the rate at which fish

species originate. We found a significant difference in affected phylogenetic diversity

affected by fishing compared to a null model, (ppd = 0.001). These results corroborate

the idea that the anthropogenic filter could be reducing the density of lineages that are

particularly exceptional from an evolutionary perspective.

The initial impacts anthropogenic filter and its downstream ecological and evolutionary

consequences on ray-finned fishes is potentially alarming. Although there are no known

recent extinctions of marine fishes, the threat to large-bodied fishes in the context of an

anthropogenically-induced mass extinction in the marine realm cannot be ignored (Payne

et al. 2016). Furthermore, the paleontological record suggests that the tendency for lineages

evolve larger body size, termed Cope’s rule, is often observed to co-occur with the tendency

to evolve specialization and experience increased rates of extinction (Hallam 1975, Van

Valkenburgh et al. 2004, Heim and Knope 2015b). Compounding these macroevolutionary

risk factors with commercial harvesting that clusters on specific large-bodied clades could

lead to an ”anthropogenic filter” effect of these ecologically important and evolutionarily

distinctive lineages. A new perspective on anthropogenic exploitation in light of our
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results suggests that the current regime of exploitation is extremely deleterious, both

in the short-term, by potentially reducing ecosystem function, and in the long-term, by

robbing the fish tree of life of its evolutionary novelty or altering its evolutionary pressures

through divergent selection. The pervasiveness of exploitation is exacerbated by the threat

of the shifting baseline, as measuring the effect of anthropogenically-induced changes

on a macroevolutionary timescale can be extremely challenging unless historical data

exists (Simenstad et al. 1978, Dayton et al. 1998). The effect of the ”anthropogenic filter”

suggests that a redoubling of effort in fishery conservation efforts are warranted, due to the

combined impact that clustered, size-selective, habitat- and ecology-specific harvesting will

have on compromising ecosystem function and altering macroevolutionary trajectories.

5.3 Acknowledgements

We thank Jon Eastman for assisting with initial analyses. Code is hosted on Github

(https://github.com/jonchang/fisheries-exploitation).

5.4 Methods

5.4.1 Data collected

We used a previously published phylogeny of ray-finned fishes for all the analyses in

this study (Rabosky et al. 2013). We dropped species whose placement in the original

phylogeny were not consistent with previously-published literature (see Supplemental

Information). We collected exploitation data from FishBase (Froese and Pauly 2014), the

United Nations Food and Agriculture Organization (FAO) Fisheries Report (FAO 2012),

and the RAM Legacy Stock Assessment Database verison 3.0 (Ricard et al. 2012). If a species

was recorded with any landings from 2003–2013 in the FAO database but was not in the

FishBase dataset, it was coded as “commercial”. We binned together exploited species

(“highly commercial”, “commercial”, “minor commercial”, and “subsistence fisheries”).
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Family Exploited Richness % exploited EPD MPD MNTD

Cyprinidae 299 3028 9.9% 8.7%** 0.003** 0.012*
Clupeidae 282 384 73.4% -1.5% 0.927 0.757
Sciaenidae 189 285 66.3% -3.2% 0.401 0.739
Serranidae 186 539 34.5% 18.1%*** 0.001*** 0.001***
Labridae 160 634 25.2% 8.8%** 0.667 0.03*
Carangidae 141 146 96.6% -0.4% 0.8555 0.618
Lutjanidae 120 133 90.2% -0.8% 0.981 0.7635
Sparidae 115 149 77.2% 1.0% 0.742 0.314
Cichlidae 93 1677 5.5% -10.2% 0.998 0.759
Haemulidae 88 133 66.2% 1.3% 0.365 0.361
Scorpaenidae 77 349 22.1% 19.2%** 0.119 0.004**
Macrouridae 69 400 17.2% 5.4% 0.064. 0.63
Ariidae 64 153 41.8% -3.9% 1 0.437
Gobiidae 61 1720 3.5% 3.6% 0.517 0.215
Nemipteridae 60 67 89.6% -2.2% 0.6335 0.8755
Pleuronectidae 60 104 57.7% 12.5%* 0.004** 0.092.
Paralichthyidae 57 112 50.9% 3.5% 0.876 0.217
Salmonidae 52 228 22.8% -4.0% 0.253 0.551
Scombridae 51 54 94.4% -2.1% 0.617 0.593
Mugilidae 48 76 63.2% 1.0% 0.218 0.317

Table 5.2: Statistics for the top 20 families by number of exploited species.

5.4.2 Distribution of exploitation

To determine the level of phylogenetic clustering of exploitation risk among fish species,

we computed the mean pairwise distance (MPD) and mean nearest taxon distance (MNTD)

statistics (Webb et al. 2002). MPD is thought to be more sensitive to clustering towards

the tips, while MNTD reveals clustering deeper in the tree. Statistical significance of

phylogenetic clustering was determined by calculating standardized effect size (SES),

which compares the the empirical statistics to a null distribution of statistics generated by

randomizing tip labels 1,000 times. SES values less than 0.05 were interpreted as significant

clustering.

We also calculated the phylogenetic diversity metric (PD Faith 1992, Webb et al. 2008)

for all exploited fish species, and computed the SES value to assess significance. To

quantify the potential increased loss of phylogenetic diversity compared to a model where
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Family Exploited Richness % exploited

Carangidae 141 146 96.6%
Lutjanidae 120 133 90.2%
Nemipteridae 60 67 89.6%
Scombridae 51 54 94.4%
Lethrinidae 36 38 94.7%
Gadidae 20 24 83.3%
Centropomidae 12 12 100.0%
Istiophoridae 11 12 91.7%
Trachinidae 8 9 88.9%
Triacanthidae 7 7 100.0%
Elopidae 6 7 85.7%
Fistulariidae 4 4 100.0%
Glaucosomatidae 4 4 100.0%
Polyprionidae 4 4 100.0%
Drepaneidae 3 3 100.0%
Psettodidae 3 3 100.0%
Anoplopomatidae 2 2 100.0%
Chirocentridae 2 2 100.0%
Coryphaenidae 2 2 100.0%
Dinopercidae 2 2 100.0%
Lateolabracidae 2 2 100.0%
Lobotidae 2 2 100.0%
Megalopidae 2 2 100.0%
Polyodontidae 2 2 100.0%
+16 monotypics 1 1 100.0%

Table 5.3: Statistics for families with more than 80% exploitation.

exploitation pressures are randomly distributed among tips, we calculated the percentage

difference in expected PD (EPD Parhar and Mooers 2011).

To determine whether tree-wide patterns of clustered exploitation also applied within

certain families, we split up the phylogeny by taxonomic family, and repeated the MPD,

MNTD, and PD analyses on the family-level trees. We report details on the 20 families that

have the most exploited species. All calculations were performed using custom routines

written in R based on the packages ape (Paradis et al. 2004), picante (Kembel et al. 2010),

and spacodiR (Eastman et al. 2011).
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5.4.3 Relationship of exploitation to phenotype and ecology

To test how body size relates to exploitation, we gathered standard and total lengths of

adult males from FishBase using the rfishbase package (Boettiger et al. 2012). For species

that did not have a total length measurement, we used a regression analysis to convert

standard length to total length, based on published conversion tables (Echeverria and

Lenarz 1984, Gaygusuz et al. 2006). We corrected for relatedness using both a phylogenetic

generalized least squares analysis, and a phylogenetic logistic regression (Ives and Garland

2010, Tung Ho and Ané 2014), in order to test whether exploited species tended to be

larger than unexploited species. We also perform a sister-taxa comparison, and compare

the average body size of fully-exploited clades and unexploited sister clades. The sister

taxon approach is more conservative because unlike PGLS, it does not rely on correcting

for shared ancestry using a Brownian correlation matrix, as sister taxa are by definition of

equal age.

We also performed an integrated analysis using generalized linear mixed models

(GLMM) as implemented in the MCMCglmm package (Hadfield 2010). We fit four logistic

models with exploitation as a binary response variable and the phylogenetic covariance

as a random effect, with the fixed effect ranging from a full model that included log-

transformed body size and habitat type, to a null intercept only model. To evaluate model

performance we used the deviance information criterion (DIC), where smaller values

indicated better model fit. We also assessed convergence using the coda package (Plummer

et al. 2006). The full model and model using body-size only predictors fit far better than

the habitat-only and null model according to DIC, therefore, all reported GLMM results

are from those analyses only.
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5 Abraão B. Leite, 1 Fábio Labecca, 1 Thiago Ribeiro, 1 Carolina S. Carvalho, 7 Rosane

G. Collevatti, 5 Mathias M. Pires, 6 Paulo R. Guimarães Jr., 6 Pedro H. Brancalion,
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