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Using phylogeneti@approaches ttesthypothegs on a large scalm terms ofboth
species sampling and associated species traits and occurrere@mht@oing thisvith
rigor despite all the attendant challengés critical for addressing many broad questions in
evolution and ecology. However, applicatiorsathapproachet empirical systemis
hamperedy.alingeringseries otheoretical and practicabttlenecksThe communityis
still wrestling with the challenges bbw to develospeciedevel, comprehensively
sampletpbhylogenies and associated geographic and phenoggmoarceshatenable
global-scale"analyse¥Veillustrate difficulties and opportunitiassing therosids as a case
study, arguing that assembly of biodiversity data that is scale-appropriate—affaréhere
comprehensive,and global in scopis—+equired to test globaicale hypotheses
Synthesizing comprehensive biodiversity dsgtsin cladessuch aghe rosids will be key to
understanding the origin apdeseriday evolutionary and ecological dynamafghe

angiosperms.

KEY WORDSxcomparative methodsiata layersphylogeny Rosidae; rosids; scientific
infrastructure

Altheugh systematists have establishedlaust phylogenetic framework for
angiosperms, the march to the tips pesceeded at eonsiderably sloer pace Uncovering
the basic framework of the angiosperm branch otrixe of lifewas a challenging, decades
long process (Chase et al., 1993; Soltis et al., 1997, 1999, 2000, 2011; Qiu et al., 1999;
Ruhfel et al;2014Vickett et al.,2014), butdue tothe sheer size of the angiosperm clade
(~220,000~400,000 sppeviewedby Scotland and Wortley, 2003wo even greater
challengesvill be (1) producing a comprehensive understandingpafciedevel
relationshipsacross floweringplantsand (2)pairing thistreewith phenotypidraits and
geographic. dat&Eventhe bestsampledangiosperncladeshave specietevel coverage only
slightly better.than 30% (e.g., Saxifragales, 2400 species; Soltis et al., 2013; sletGdsa
2016),with.sampling typically resulting frorpiecemealfocusedand typically smalscale
case studies.

While studies obmall exemplar clades airaportantfor many questionsn
comparative biology, &y neither intend teest norare capable of testinthe broadest

evolutionary questions acrofiswering plants as a whole. While still uncommon, recent

This article is protected by copyright. All rights reserved



investigations have used thousands or tens of thousands of taxa (e.g., Jetz et al., 2012a;
Zanne et al., 2014; Werner et al., 2014; Faurby and Svenning, 2015). Tetrapods may provide
the best example of progress on dense taxon sampiitigl freesfor this comparatively

small clade (~35,000 species; unpsinéddata from the VertLife project;

http://vertlifesorg/) with dense coverage ektant specieBased on standard phylogenetic
markersarenearing completionComprehensiveynthetic treebased on backbone
phylogenies;as well as some deeply sampled supermatrices, have existed for several years
in birdsand other tetrapod groufdetz et al., 2012asee alsaitations in Title and
Rabosky,2017).

Thesuse,of comprehensive taxon sampling—up to and including complete
coverage—s central to future progressamsweringkey questions in evolution and ecology
framed at broad scald3espite promise, progressbuilding comprehensive, broadale
phylogenies and their associated data layerslfiaqgically relevant taxofhevel data
linked to tips in a phylogenetic tree, such as phenotypic traits and occurrence)records
testinghypotheses has been limited by diverse challersge$ as incompletghylogenetic
coveragelackwof associated and accessible data lagasa lack ofvailable infrastructure
to dissemingt_phenotypic and geographic datavays that facilitate integration with
phylogenetianformation

Collating such largescale dataetsis not trivial; thus,a set of factors converg¢o
render macroevolutionastudieson vast scaleasincreasinglytractable yettantalizingly
out of reachfermanyresearchersrhe fact that so many globstale analyses (e.g., Jetz et
al., 20123 have focused on the rich data available for vertebratgsVertNet,
http://vertnet.org/; FishBase, http://www.fishbase.org/; AmphibiaWeb,
http://www.amphibiaweb.org) demonstrates how building linked biodiversity community
resources,spurs transformative research (for example, enabling assessment of drivers of
diversification that may include phenotypic traits, geographic range, and ecologiel
occupancyg@among other candidates). Extending the technical and social approaches for
developing'such resources to other clades would lower barriers to performing macroscal
comparative analyses in other grohile the overall state of knowledge in the
angiosperms generally lags well behind similar efforts in other groups (e.g. ratrtela
more tractable target at perhaps tergh the diversity of flowering plants), there are
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angiosperm subclades wsllited for realizing the vision of comprehensively assembling
the largescale picture of evolution of terrestrial ecosystems. What are the ingredients for
lowering this barrier in flowering plants?

Here we provide an example of a subclade within the angiosperms that exemplifies
the value of.broadcale approads therosids Rosidae sensu Cantino et al. 2007). Rosids
areamajor.angiospermlade with ~90,000 species (Sun et al., 2006;Sun et al.,
unpublished)representing 22% of all angiosperms (assuming 400,000 species of
angiosperms)=with properties thatnake this clade ideal for realizing the vision of global-
scalehypothesis testing throughsgnthess of biodiversitydata

In thispaperye ask:What are the grand challenge questionsdbatd be
addressed"a robust comparative framewera welkresolved phylogeny linked with
phenotypic andigeographic data—were develogéd@®contributionis organized as a series
of questions:

1. Why.rosids? What is the case for building an exemplargparativedatasetfor this

or any-oethetarge clade of lif@

2. What challengesgrsist in building largecale trees and trait layers despite progress
to'date, and how can these challenges be addressed?
3. Whyuse comprehensive approaches to analyze large clades of life? What

motivations underlie largscale analyses in ecology and evolution?

<H1>ROSIDSHAN EXEMPLAR CLADE FOR THE ANGIOSPERM S

Rosidsywhich capture many of the evolutionary and ecological dynamics of
angiosperms as a whole, are id@abcase study for demonstrating data-driven arguments
behind building,comparative resources in the flowering pl&usids exhibit substantial
diversity inmorphology, habit, reproductive strategy, and life historyhandeoccupy a
substantial portion dhe phenotypicand ecological space that characterizes angiosperms as
a whole.Nearcomplete phylogenetic and trait coverage would permit elucidation of the
tempo and'mede of global diversification of this large, ecologically dominant clade,
enabling compative analyses with other major lineages of life, and eventually global
assessment and synthesis of the evolution of terrestrial landscapes. Because the rosid clade
and its associated biomes constitute a major driver of terrestrial biodiversity, pgedictin
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future biodiversity patterns for rosids basech@torical diversificatiormay likewise be key
to understanding the future of other terrestrial clades of life. In short, idectade
providesthe opportunity to link our understanding of biodiversity from the past to both
present and future. We proceed by outlining key properties of the clade and how these

exemplify theprerequisite$or building anylarge scale comparative system.

<h2>Paleo-per spectives

Rosids have a particularly good fossil recordny familiesarewell known for their
detailed fassil histories (e.g., Fabaceae, Juglandaceae, Betulaceae, Fapgaeedie all
major subglades (Fig. Iave welldocumented fossils (Manchester, 1988,1989,1992,
1994a, b, 2001; Crepet and Nixon, 1989; Cevallos-Ferriz and Stockey, 1991; Herendeen et
al., 1992; Pigg et al., 199Bpucher et a).2003;Endress and Friis, 2006; Manchester et al.,
2006, 2012DeVoreandPigg 2007; Burge and Manchester, 2008; Wing et al., 2009;
EstradaRuiz and Martineabrera2011; Herrera et al., 2012, 2014; Gandolfo et al., 2011;
Han et al, 2016;Jud et al.2016;LarsonrJohnson, 201,6Nang et al.2013; Xing et al.,
2014. Thisrich‘record provides a superb opportunity for integration of the fossil record
with modern diversity and a critical resource for novel approaches for tibeatialg the
rosid phylegeny (e.g., Gavryushkina et al., 2017).

The rosid clade originated in the Early to Late Cretac€blfs-93million years ago
[Ma]), followed by rapid diversification of two major subclades, Flabidae andMalvidae
crown groupSyabout 112 to 91 Ma and 109 to 83 Ma, respectively (Wang et 8j.B200
et al., 2010)=-Fhe rosid clade is further divided icltxles recognized 45 orders and 135
families APG IV, 2016; Fig. 1).

<h2>Rosids and terrestrial biome dynamics

Understanding rosid evolution also means characterizing the origin and diversity of
major biomesThe radiation of the rosids represents the presumably rapid rise of
angiospernmdominated forests and associateetogersification events that profoundly
shad much of current terrestrial biodiversity (Wang et al., 2009; Boyce et al., 2010).
Among major clades in the land plamsrhaps only the grassasd conifers (botemaller
clades that arbetter understood phylogenetically than rosasildalsolay claim to
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building biomes covering large sections of the gldidi® megadiversmsidclade is home
to most dominant forest treés.g., Betulaceaglder, birch] Casuarinacegd@ustralian
pine], Fabaceaflegumes] Fagaceapoak], Juglandacegevalnut, hickory] Moraceagfig],
Salicaceagwillow], Uimaceadelm], Rutaceaécitrug, Meliaceae (mahogany),
Sapindaceapnaple, buckeye]Malvaceagdlinden]|, Dipterocarpacedglipterocarps]and
Myrtaceadeucalypt$). Rosid herbs and shrubs are also prominent components of
arctic/alpine’and temperate floras (e.g., Salicaceae, Rosaceae, Brassicaceae) and comprise
aguatics (e.g.,"Podostemacgakesert plants (e.g., Euphorbiaceaad parasites (e.g.,
Rafflesia).

Rosiddoeminated forests changed the terrestrial landscape, and this biome-shaping
clade has been responsible for the concomitant diversification of other clagear{ts,
beetles, amphihians, and other animals; fulhggrworts, ferns) that inhabit these forests
Accumulating gidence show thatother terrestrial lineages quite literally evolved and
diversified\n the shadow of rosid-dominated angiosperrfarests (Farrell, 1998; Wilf,
2000; Algeoretial., 2001; Schneider et al., 2004; Moreau et al., 2006; Bininda-Emonds et al.,
2007; Roelants et al., 2007; Hibbett and Matheny, 2009; Wang et al., 2009; Watkins and
Cardelus;2012; Moreau and Bell, 2013; Feldberg et al., 2014).

<h2>Applied dimensions

Rosids exhibit spectacular diversity in biological processes that may be responsible
for the many“practical uses of members of the clade. Foremost among these are symbioses
with nitrogen-fixing bacteria in legumes and nine other families, the phylogenetic
distribution of whichis remarkably concentrated ane cladethe nitrogen-fixing clade
(Soltis et al., 1995; Werner et al., 2014; Li et al., 2015). This symbiosis hasceneig
members to.thrive in resourp®or soils thus,thefunctional genomicsf this symbiosis is
of greatinterest/for cropmprovement (Stokstad, 201@&josids also exhibit diverse
phytochemistry, providing potebtochemical defense mechanisms, such as glucosinolate
production‘in Brassicales (Rodman et al., 1998; Edger et al., 20d1iS)ciemical diversity
is also associated witthe many economic use$ members oBrassicacea€l he plant
modelArabidopsis thaliana (Brassicaceae$ in the rosidclade;many other rosids aedso
genetic modelsvith sequenced genomes, eRyassica rapa also of BrassicacedBrassica
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rapa Genome Sequencing Project Consortium, 2011) and several legumes (Sato et al., 2008;
Schmutz et al., 2010, 2014; Young et al., 2011; Varshney et al., 2012, 2013).

<H1>CHALLENGESIN THE ROSIDS

<h2>State of the art

Despitethe ecological and economic importance of rosids, after decades of data
accumulationour knowledge of the clade remains remarkably limited along any metric.
Rosids thas™not only serve as a case study for the possibilities ostaigebodiversity
research, but also reveal the constraints on this research due to limitations in basic
biodiversity knewledge. This knowledge gap is characteristic of neatbrgdl clades
across the'Tree ofife with thepossible exception of vertebrates. Shedding a quantitative
light on these disparities is critical to raising awareness about how little we truly know about
global biodiversity and identifying priorities for future efforts in flowering plants

Mapping DNA sequencavailability onto a supertree estimate of the complete rosid
clade (Fige#2peombining both phylogenetic and taxonomic knowledge from the Open Tree
of Life; Hinehliff et al., 2015) shows that current DNA sampling of rosids is hibldsed
toward subclades @conomic interest and significant temperate dive(gity., legumes).
Groups with'the worst representati@ng.,Malpighiales) have few economically important
members, yet are critical elements of tropical flo@sly a minority of rosid species—
30,234 0f'90,000, or 34%hkave sequence dathany kind in GenBank
(https://www:nebi.nim.nih.gov/genbankMany of these sequences are microsatellites,
ESTs, or other'sequences with low species coverage andtarsable for phylogenetics.
Even well-known @des, such as Rosales (predominantly temperate), are poorly
represented, with only 23% of species having usable DNA sequence data available (Table
1). Only onesmallgroup, Fagales, surpasses 50% coverage. Curating the available DNA
sequence datafor supgatrix phylogenetic analyses (Sun et al., 20&8ylts in further loss
of data, leaving approximately 21% of species across the rosids represented as phylogenetic
tips. The pattern of incomplete and biased taxon sampling in the rosids (&) Hdargely
true of the angiosperms in genersg€Fig. 2 of Eiserhardt et a[2018] inthis issue). Most
known species still have no DNA data at all (Drew, 2013; Hinchliff et al., 2015)a8te v
majority of the flowering plant branch of thieee of liferemains dark.
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<h2>Phylogenetic bias

Largescale phylogenetic efforts typically require integrating efforts andsgdisa
from heterogengous sources, including focused phylogenetic analyses, DNA barcoding data
sets, genomig,resources, and other tlettwere not purposbuilt for comprehensive
speciedevel inference at global scales. The piecemeal assembly cetataften makes it
difficult to"eontrol for uneven sampling of clades. A future need is the development of
approachestoassess and corrbgtqgenetic bias in taxon sampling (either directly
through improved sampling or indirectly through modeling taxon absence). In principle,
phylogenetically even but incomplete sampling can be accounted for under many models if
taxon sampling is unbiased (e.g., FitzJohn et al., 2009). Change in the overall shape of the
tree due to biased sampling is not easily controlled for and will &ty conclusions
under models that make inferences from tree topology and branch lengths.

As more researchers assemble lesgalephylogenomic dataets, we see a need for
identifyingsgaps in the coverage of ttnee of lifeand of deploying this knowledge in
sequencing efforts to fill these gaps and avoid duplication of effort (see atshdtdt et
al., 2018this issue). Although some general-purpose loci have been developed for the
angiosperms (e.g.éveillé-Bourret et al., 2018nd the PAFTOL project; Eiserhardt et al.,
2018, this issue), custordeveloped, often neaverlapping loci remain the norm (e.qg.,
Weitemie et al., 2014; Mandel et al., 2014; Folk et al., 2015; Chamala et al., 2015;
Schmickl et'aly,2015), creating greater difficultiesgosthocaggregatin across these
experiments:

<h2>Spatial bias

In addition to building comprehensive phylogenetic hypotheses, an ongoing trend in
comparative research has been the assembly of equally comprehensive and globally scaled
data layersRecent plant contributions in this spirit include Werner et al. (2014), Zanne et
al. (2014),.and Diaz et al. (2016). For many clades of land pteaits,and geographic data
are missing+for. most species in existing databadsslack of coverage results partly from
bias in the cumulative assembly of species trait and mmoce data over time, typically
from aggregating a long series of snsdhkle or specialized projects and digitization efforts

Such dataccumulation is highly correlated with sociological factors such as gross domestic
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product, local funding sources, agidtance to institutions performing digitization (Amano
and Sutherland, 2013; Meyer et al., 2015). One hallmark of spatial bias is an inverse
latitudinal gradient clearly observable in the rosids (F#g), 8vhere records are least

heavily accumulated argpecies least completely represented in the tropics, some of the
most biodiverse parts of the world for the rosids (FR). Becausamajor rosid clades are

not evenly distributed across the globe (e.g., Malpighiales and Rosales are associated
respectivelywith tropical and temperate latitudes), spatial and phylogenetic bias are likely
to interact:

Spatial bias may propagate to downstream analyses that do not explicitly include
spatial data, such as those focusing on potentially correlated traits and tax@ayeover
Hence, spatial‘bias can occur at multiple levels of sammicgumulation of phylogenetic
tips, occurrences, and species traits are all influenced by availability of material and
digitization efforts. Most directly, spatial biasshan enormous impact on the spatial
distribution,of occurrence records, such that nearly any kegke clade in thigee of life
hasanoccurrence dengitpatternmatching closely that seen in the rosids (Fig. 3a; compare
with global'mammal GBIF recordBoitani et al., 2011:d. 2). This strong bias is partly
due to histerical differences in collection effort. However, differing legélavestment in
biodiversity-digitization among countriessocontribute to this unevenness, which is
compounded by the tendency of digitization efforts to be locally focused initially, even for
internationally representative collections (Amano and Sutherland, 2013; Me}er2e5s).

As withrphylogenetic bias, we see not only challenges but opportunities. It would be
a major step.toward enabling research if future efforts specifically assigned digitization
priorities @n the basis of evidence for data gaps in current infrastructureobhenbaria,
it is not feasible.in the immediate future to completely digitize@dcimens, including
georeferences,.images, and other data. Targeting data gaps would provide an edsetmce-

method to.direet digitization efforts and maximdmwvnstream researampact.

<h2>Linked data

Linking datasets such as those discusabdve is critical for largscale inference.
For instance, a common task is to subset a tree for the group of interest iiof taxon
names. Linked data already have a role—providing linkages between taxonomic concepts

This article is protected by copyright. All rights reserved



1C

and a phylogeny. If unusual ylbgenetic placements are observed, it might be necessary to
retrieve either original voucher specimen photographs or original sequence nkatg, Fi
using the name list, linkages cowldiow users to subset trait data from online repositories
such aghe TRY Plant Trait Databasgttps://www.trydb.org/); both unusual trait scores
and the paossibility of polymorphism would warrant consulting original specimemiatate
using online herbari&entral to these ainare stable identifiers built around taxomcepts

to facilitate"linking of disparate data produdtsks between genetic data, online herbaria,
and phylogenetic tips are typically not explicit and need to be laboriously sought manuall
although some linkages, such as that between GenBank amiidDig

(https://www idigbio.org/), are currently being developed. For example, herbarium
specimen records in iDigBio that serve as vouchers for GenBank sequences and have
globally unique'identifiers on GenBank are linked to their associated DNA sequences;
unfortunately, globally unique identifiers are not consistently nsdédrmattedoroperly
(Guralnick.et al., 2014), thwarting efforts to link most data directly.

Community consensus is lackiagout minimal reporting standards for integrative
research prograntbat includemultiple data types. Minimally, we recommend that these
projects should contain unique sample identifiers (e.g., GUIDS) as part of datdideposi
standard.datapecific r@ositories (e.g., GenBank and SRA
https://www.ncbi.nlm.nih.gov/sraynambiguous identifier practicegll enable future
researchers to scrape metadata for recognizable identifiers and retrieve matching
information‘generated downstream from those samgled, asequences, modeled

geographiewdistributions, and other data and knowledge products.

<h2>Name reconciliation

Reconciling conflicting taxon identifiers is unavoidable for any project that ptsem
to accrue multispecies data from diverse sources yet remam® challenge of larggrale
biology (Patterson et al., 2010). Many laggale databases have their own internal
taxonomy (e.g., GBIF https://www.gbif.orggenBank Open Tree,
https://tree.opentreeoflife.olgiand standalone name products also exist (e.g., The Plant
List, http://lwww.theplantlist.org; Tropicos, http://www.tropicos.org/). Thezertamies
sometimes represeodnflicting taxonomic opinions and often are incomplete and partially
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out of dateTaxonomic mismatchesulsin major discrepancies accepted genera, total
species number, and other important metrics that inform sampling, analysis, aredisynth
The availability of community reconciliation services (Boyle et al., 2013) imnporitant

step toward resplving @ise issues, at least for providing current assessments of valid taxon
names. A mucimeeded area of growtk theimprovement of existing databases by

digitizing and_incorporating major, yet largely inaccessible, natural history literature
(below)"While'neessary for building the framework of online taxonomies, a static,
centralized approach to the name reconciliation problem (generally the appreddh us

date) will lack permanency given the continual flux of taxon delimitation (Lepzae e

2014), meaning that a resource that is updatable, preferably by the communitglasd in

to real timeywill be critical to improving resourclesyond thosavailable to date.

<h2>Expert and algorithmic range products

A rich heritage of geographic range produstavailable for tetrapods, resulting
from massiverdata digitization that has enabled comprehensive macroecological analyses
and conservation-oriented decision-making (Jetz et al., 2012a, b; Meyer et al., 2015). In
addition tospurely expert-drawn range maps, automated approaches based on point
occurrences have also been developed recently (e.g., Merow et al., 2016, 2017), offering the
potential for generating geographic range products in clades where few ranges have been
expertassessed. Range data are cemgintary to betteknown occurrence record data, as
range datashave the potential to coarsely assess true species absence rather than
pseudoabsence (Jetz et al., 2012a). Range products are not only useful for directlempirica
analyses, but also for qualitpntrol of occurrence records for other research (Jetz et al.,
2012b). Occurrence data sets too large to curate entirely by hand can be automatically
checked against expaferived range maps using a spatial join to remove data points likely
to be incorret. These mapiypically require expert involvement to produce credible
estimates_and are themselves hypotheses open to reinterpretation with new reports of species

detection (or lack thereof)

<h2>Digitization of legacy natural history data
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Enormouseffort has been made in increasing access to data in biological collections
(e.g.,VertNet, iDigBio and GBIF. The availability of these resources has facilitated
growth in macro-perspectives in ecology and evolution; the vast number of papers using
repostories of occurrence records (neaBl§00 according t@&BIF.org, 2017 illustrates
how naturalhistory data drive progress in biodiversity science. Despite this effort, literature
containingnatural history data in plants remain untapped resources that are as rich as
speciméen‘data."Rather than direct point observations, literature sourcesnegxesrt-
assessed'consensus values for geographic range (see above) and phenotype, as well as a
consensus taxanomic product for a given region in the form of accepted taxa. For large-
scale digitization strategies, largeale floras are ideal data sources. These floras typically
comprise comprehensive treatments of a specific area of the globengawésrmation
such as accepted species lists, partial synonymies, \plasietrait data, coarsscale
geographic range descriptors at the country, state, or other regional level, allé varia
additional features including chromosome number and invatsitiess Regional taxonomic
treatmentsqarewrich dasets; products of broad utility that can be developed from these
treatmentstinelude (1) improved taxon name resolution, which could be combined with
existing name databases foriemproved consensus produ2) coarsescale range maps
such as are"available for vertebrates, typically of political regions, for inferences of range
evolution, invasive speciesatus or quality assessment of occurrence data and spatial bias;
and (3) very large morphological inaes.

eFlarasysuch as thdora of North America (Flora of Nath America Editorial
Committee k993 onward) an#lora of China (Wu et al, 1994 onwarpgBrach and Song,
2008), represent low-hanging fruit for data mining. The text in these effortsidbes
identify descriptors (e.g., morphological terms do not have explicit metadatagtso t
indirect text.scraping strategies are needed to match descriptors among taxa. While text
scraping rguires considerableffort, the pay-off is substantial for obtaining organismal
information.for hundreds or thousands of phylogenetic tips. Some recent efforiBl(eay.,
of Tropical ' West Africa; https://archive.org/details/FloraOfWestTropiOOhutc) are partially
semantically tagged, so that sbilocks of text, such astraitrelated text block, can be
obtained for further processing. Unfortunately, few other flora projects are ssibbee
Although this is changing, e.g., f6tora Malesiana (Nooteboom et al. 2010 onwards)d
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Flora of New Zealand (Breitwieser etl. 2010 onwards), many recent and ongoing floras are
not available online. Addressing these gaps in flora production vietildate significant
progress towards the vision of illuminating the dark parts ofréeeof life going beyond

simply populating the tree with tip taxa by adding geographic and trait data layers with the
assistance_of.partially automated approa¢Besleigh et al., 2013; Liu et al., 2015; Cui et

al., 2016; Endara et al. 2018).

<H1>WHYUSE COMPREHENSIVE APPROACHES?

Anlobvious first step in performing largeale analyses is identifying the motivation
for what maydoe a costly and labor-intensive enterprise spanning years frormglenni
fruition. Why fill'in the dark parts of the tree, for rosids or any other ciades already
understand highdevel relationships? Why indeed “go big” in phylogenetics? Why not “go
small” many times in succession on snsallcladesandultimately sum thesevell-worked
case studiegp to the ecological and evolutionary whole? Discussion on this point is
important because basic questions have been raised about the inherent value of large
phylogenies for testing hypotheses in evolution and ecology (Donoghue and Edwards,
2014).

<h2>Exemplar clade

With respect to the rosids or anther group, the choice of taxon for addressing
large scaleshypotheses should be evidebased and targeted toward finding groups
appropriatesinsScale and properties for a given research question. Expliamigliaitly,
much recent work in phylogenesi sets its aims more broadly than inferences solely
constrained to the group of interest, such that the use of comprehensive agiraache
contributed.insights for decades in evolution and ecology (see an early review hy Page
1999). As has long been the case for small clades,-lsegke phylogenetic research should
explicitly provide reasons for studyirggemplar clades embodying the prerequisites for
understanding particular evolutionary or ecological dynamics. We use “exempldrtolade
denote a monophyletic group that captures generalizable ecological and evolutionary

processes for the purpose of analytical inference. An exemplar clade (= “mode] elgde”
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Chanderbali et al., 20)&hus serves as a biodiversity “model” in a plg@oetic framework,
with the aim of inference placed more broadly than the group under concern.

Selection of a study group should not be based primarily on data availability, a
criterion that waould likely only exacerbate existing knowledge gaps and phgtigéiases
in future investigations-away from what are already dark parts ofttiee of life. If the aim
is to study-generalizable principles and processes across the angiosperms, or in other parts
of thetree"of life developing large exemplar clades as community resources puts global-
scale research’into reach, the conclusions of which will be reciprocally enhanced as other

comprehensive comparative dats are developed.

<h2>A taleof two approaches
The comparative method has as its goal the testing of hypotheses using multispecies
samples ira_phylogenetic framework (Felsenstein, 1985). Recently, a dichotomy has been
proposed,identifying what may be complementary or conflicting alternative approaches t
such macreevelutionary questions (Donoghue and Edwards, 2014). One could either (1) use
an integrativeylargscaleapproach to test hypotheses in a single framework (e.g., Meredith
et al., 2011; Jetz et al., 2012a; Zanne et al., 2014), or (2) actawge number of small
scale, weleharacterized clades, which investigators would follow by a qualitative synthet
review (e.g., Soltis et al., 2006; Donoghue and Edwards, 2014) or quantitative meta-
analyses (e.gMayrose et al., 2011) to test the sdarge scale hypotheses.
Large'seale studiebave been criticizedy somebasedn part on three largely
accurate observationél) robust and comprehensive clade and trait sampling is very
challenging to achieve on large scal@3,identifying appropriate evolutionary models is
difficult, in.that a sample representindgpag timespan is likely to capturelargenumber of
evolutionary.dynamics, and)(dividual instances substantiating broad patterns are
anonymized.and massagad of the message of many such studiégesE issues are more
easily overeame if taxonomic sampling is intentionally placed within modest limits.
Despite.theseoncernsthe scalef systematis researchs steadily increasing,
through improved sampling of botlixa andoci, generatingphylogenetic matricethatare
growingboth “taller” and “wider.” The same growth is true for trait and occurreatasets

that accompany phylogenetic matrices. But a community trend does not constitute
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justification ipso facto; it is reasonable that the choice of a{scgke analytical approach
should be accompanied by compelling reasons for being large, as we have outlined above.
Likewise, are there also risks for intentionally small, veaitumscribed scatein

biodiversity science?

<h2>Emergent processes

Perhapsthe most immediate problem of integrating over large numbers of small case
studies is ‘the"potential for consistently failing to recover patterns that inherently cannot
appear ini'small datets This problentoncerns analytical scalkow do we build dataets
appropriate fenthe phylogenetic and temporal scales at which we are testing hygdothese
We argue thatibdiversity questions posed globally across large taxonomic groups require
samplingthat isappropriate to global scales of inference. Synthesizing knowledge in this
way across large expanses of space and time will consistently compel the analysis of large
datasets The use of small clades to answer questions at large seadisstodatasets that
are wellcharaeterized buestricted in theisamping of biological diversity. We identify
conditions‘belew where such sampling scales could obscure emergent signals and impact
hypothesis.testing.

Onercore issue is statistical power. For inferefativersificationand other
approaches that use highly parameterized models, branches and their lengths are the data
points. Hence, fairly large phylogenies, on the order of hundreds to thousaaxisurfder
idealized simulated conditions (e.g., diversification: Davis et al., 2013; Raboskyand H
2016; phylegenetic correlation: Ackerly, 2QG8e required to have sufficient sensitivity to
detect shifts in diversification with high power. It is expelttherefore, that an intentionally
taxondimited approach will consistently underestimate the number of diversification shifts
and the occurrence of charaetasociated diversification patterdgthough no quantitative
studies have been performed teess the effects of taxonomic scope beyond statistical
power, we_expect thatie number of significant evolutionary patterns extractable from
phylogenetie datavill be consistently and artificially truncated by focusing on small case
studies. Such a truniian is likely for the simpleeason that such patterns may be present in

subclades but without the context of broader sampling that would make them detectable
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Estimation error increases with increasingly deep tf®aksbury and Kim, 2001),
and even within a given tree, estimatemor is expected to increase as estimated nodes
approach the roqGarland et al., 1999)eading to unequal error in ancestral state
reconstruction across a tréea particular ancestral state is of interest posgble that
removing taxa.couldesult in smaller estimated uncertainty by incompletely sampling
evolutionary transitionfHeathet al., 2008), thusunderestimating trait evolutionary rates
and decreasgthe magnitudef estimated errore(g., the confidence intervaf,. Garland et
al., 1999)Hence, a smaller reported uncertaiddes nohecessarilymply that the “true”
error of such an estimate has actually decreased due to sampling sttreen®uilding
datasets appropriate to tiseale of questions posedor globalscale analyseshis often
meansncluding data for as many extant species as possible, maximizing the information
behind our inferenceand theestimated uncertaintyereof—isthereforepreferable

The detection of some processes may fundamentally require large phylogenies,
irrespective of statistical power. Thpsoblemis subtler in that it cannot be easiijeasured
or controlledsfar by performing statistical power studies or extending modelsdorador
potentialdataset biasesSuch a problem is likely to occur in instances where -tkeegd
patterngnhighly diverse clade®.g., the root of major angiosperm clades) are the object of
inferencey-but where inferences are sensitive to taxopls®y. Thissituationcould appear
in ancestral state reconstruction, where a deeg node is of interest, but the polarity of
ancestral states is impacted by a complex distribution of states in descendant extant taxa.
Some of the"risks of poor taxon sampling in this case include incomplete sampling of
evolutionary-transitions in the clade of interest (He=ithl., 2008a) and warping of overall
tree shap®y dropping taxgHeathet al., 2008b)Theseconcerns cannot both bedressed
in small testasegin this case, sets of trees with limited taxon sampling at deep ldvels)
the relevant.informatiofor accuratelydistinguishing amongossible ancestratatess not
present in.the data, irrespective of our ability to detect it. Simulation stodiee shown
increased.estimation error as proportional taxon coverage decreassgsu(@aind Kim,
2001; Litsios and Salamin, 2012; but see Li et al., 2008).

A final issue with a solely smadicale focus, raised by Beaulieu and O’Meara (2018,
thisissue), is ascertainment bias. The choice of idealized-scwl# clades to understand
broadscale patterns-often resulting in a focus on groups showing especially frequent shifts
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in a biological trak—may result in overemphasis of unusual outeraunrepresentative of
overall variation patterns. Hence, larggale biodiversity studies aneeded to complement
and contextualizéocused claddevel studiesLikewise, as wdave suggestifor therosids,
the suitability of an exemplar clade is a testasigumption thatan be directly assessed by
asking howwell a focal clade crossections broader diversity patterns.

Issues obothstatistical power and levels of inference imply that questions thist
are uniquely'suited to purposeful attemptsanhpehensive taxon sampd, such that
focusing solely'on small, wetlharacterized case studies is neither always sufficient nor
invariably hecessarnApproaches in biodiversity science that use small study clades will
continue tasbesrelevant, particulaftyr understanding recestale evolutionary processes.
By contrast;'the application of such sampling schemes to global questions poses risks,
possibly resulting in datsets with high confidence in individual data pointsregtricted
and possibly biased coverage of the biodiversity that underlies many biological pgocesse
Comprehensive phylogenetic approactieg span deepme andglobal geographiscales
are urgentlysneeded for the kinds of grand challenges which the comparative approach to
biology is poised taddressdue not simply to an obsession with larger and more resolved
data sets'(Hahn and Nakhleh, 2016), buh&ir central necessity for answering questions

on deepime and global scales highly diverse clades.

<h2>Ways forward

In ourview,large and smallscale approaches are complement8gme questions
are best addressed with small clades. Increasingly, however, phylogenetic effort is devoted
to asking guestions in evolution and ecology that require large trees and compeshensi
taxon sampling (e.gglobalpatterns of diversificatiordeeptime ancestral state
reconstruction.and biogeography, correlated evolution of characters, community
phylogenetics), often in a model-based or otherwise explicitly quantitativeviitakée.g.,
Smith and.Bonoghue, 2008; Smith and Beaulieu, 2009). We argue that thremeatsfor
large-scale;"ecemprehensive approacties are appropriate taddress questions of major
importance.

We stress that focused case studies on smallsalad®in cruciafor addressing
certain specific questions and serveaasmportant element of building comparatdaga
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sets. Nonethelesdgespite substantial progress in many domains, 30 years of effort on small
focal cladesn molecular systematics haxesulted inuneven and incomplete coverage

rosids in particular, and angiospednersityas a whole, suggesting this approach alone
may not suffice to eventually synthesize biodiversity knowledge across thexifigvplants.
Targeted andaordinated, largescale ampling efforts at the community levale needetb
complement these efforts and directly address data and knowledge gaps that have
continually“persisted despite intereféorts by individual researcherRather than
continuallyaggregating upward in seofjom focused datsets to create incomplete and
biased larger sets, we can do more to collect comprehensive biodiversityadatly for

future users tondisaggregate downward for focused work.

<H1>CONCLUSIONS

Much progress has been made in understandingldeelrelationships in the
angiosperms (Chase et al., 1993; Qiu et al., 1999; Soltis et al., 1999, 2011) wittkege-
sequencingeprojects (e.g., 1KP, Matasci et al., 2014) resulting in robust backboumgoresol
(Wickett et'al.y+2014) and community consensus taxonomic products (APG IV, 2016).
Current efforts in plant systematiosyond the backbone have largedynainedcenteredn
localized.taxonomic sampling effortsith less consideration of how to develop more
comprehensivesommunitybased, synthetimvestigationsor of whether such goals are
feasible without purposeful large-scale generation of phylogeneti¢adfitan gaps. Yet, it
is just these"kinds offferts that carprovidethe most critical insights and applications in
biology, partieularly those posed at global or déepe scalesThe effort to develop such
synthetic analyses is still enormous, and bottlenecks are multidimensional.

We makethe casdor anevidencebased assessment as we boadchprehensive
communityresources$or phylogenetically informed hypothesis testing, with a focus on
exemplaryhyperdiverse cladesuch as the rosidSuch resources, to maximize enabled
research, should comprehensively sample phylogenetic tips and linked pheand/pic
geographic'data as a community priorifjis approach i€omplanentaryto focal studies
on smaller cladesvhich may address significant problems but on different phylogenetic
and temporascalesboth can help with goals geared towards brecale synthesis
However, we believe #t purposedsuilt comprehensive phylogenies covering global scales
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and ancient radiatiorerevaluableresourceshat, when linked to other biodiversity data and
knowledge productsyill be an impetus for transformative research
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TABLE 1. Sampling statistickor DNA data (GenBank,

https://www.ncbi.nlm.nih.gov/genbank/) and occurrence (aBIF, https://www.gbif.org/)
for orders of rosids.
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GenBank DNA data GBIF occurrence data

% % Species Species Species

Species Genera with no with with >30
Order

sampled sampled records >10 records

records

Brassicales 38.4 92.7 19.5 55.7 35.9
Celastrales 204 73.4 294 57.3 36.0
Crossosomat
ales 364 1000 53.7 74.2 56.1
Cucurbitales 36.8 96.9 45.2 48.4 24.5
Fabales 27.8 88.6 25.1 68.6 46.1
Fagales 50.9 100.0 11.0 97.2 68.5
Geraniales 36.4 100.0 10.7 61.4 36.8
Huerteales 29.2 100.0 53.2 16.7 12.5
Malpighiales 23.9 83.1 24.6 58.0 35.4
Malvales 21.9 76.0 30.8 50.3 30.9
Myrtales 11.5 69.2 23.4 70.7 47.6
Oxalidales 10.5 75.0 26.5 56.0 32.0
Picramniales 10.2 66.7 46.0 57.1 38.8
Rosales 22.8 87.0 15.3 73.3 48.7
Sapindales 21.0 73.7 31.5 62.1 40.2
Vitales 13.6 64.3 52.8 50.7 28.5
Zygephyliale 20.3 75.0
S 334 67.5 45.5

Notes: DNA«taxon numbers were estimated by collating sequences for standard
phylogenetic markerd:EAFY, NIA (nitrate reductase), ITS, ETS, 18S, 2&pA, atpB,

atpF, rbcL, trnk,;,matK, ndhF, ndhA, rpl16, rpsl6, ycfl, ycf2, psbA-trnH spacer petB-petD
spacerfrnC-petlN spacerirnStrnG spacerirnY-trnT spaceratpB-rbcL spacertrnL-trnF
intergenic spacetrnT-trnL intergenic spacer. Denominators for percentage calculations

come from total species estimatesStevens (2001 onward).
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FIGURE 1. Upper panel: Summary tree for ~19,000 rosid species (four loci; Sun et al.,
2016); the legend matches branch colors to recognized orders. Lower panajrdfiistof

representativesf 10familiar orders; symbols follow colors in the upper panel legend.

FIGURE 2..Phylogeny of all rosids integrating taxonomic and phylogenetic knowledge
(84,153speciesfrom the Open Tree of Liféttps://tree.opentreeoflife.ojgBranch
coloration‘represents ordinal taxonomy and matches the legend of Fig. 1. Outer band:
Specieghat either have (yellow) dack (blue) phylogenetically usable dqtasable” basd
on taxa remaining after a series of filtering steps deschip&lin et al., 2016based on
matching nomenclature with tips present in Sun et al. (2016) against the Ope¢opbiegy
(excluding'Open Tree tips with labels for fossil taxa, indicating subspecific adfsthatus,
etc.) Note how few taxa have data (yellow) and how phylogenetically uneven this data

coverage ISs.

FIGURE 3#(A)iGlobal distribution of occurrence records for the rosid clade in GBIF
(https://www.gbif.org/; downloaded October 2015; 6,085,341 records), plotted on an
altitude dataset from R package rastéB) Countrywise species richness, colooded by a
Jenks natural breaks classification. Species counts used country DarwinCore fields from
both georeferenced and ungeoreferenced records, aggregating GBIF data with an
unpublished data set of Amazonian records. The distribution of records is largely
characterigtic'of any globally distributed clade, revealing more about gloli&atign

effort than'geegraphic range dynamicile species richness estimates from available data
for the rosids are close &priori expectations. Projection for both maps is EPSG:4326.
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