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Synopsis Although our inventory of Earth’s biodiversity remains incomplete, we still require analyses using the Tree of

Life to understand evolutionary and ecological patterns. Because incomplete sampling may bias our inferences, we must

evaluate how future additions of newly discovered species might impact analyses performed today. We describe an

approach that uses taxonomic history and phylogenetic trees to characterize the impact of past species discoveries on

phylogenetic knowledge using patterns of branch-length variation, tree shape, and phylogenetic diversity. This provides a

framework for assessing the relative completeness of taxonomic knowledge of lineages within a phylogeny. To demon-

strate this approach, we use recent large phylogenies for amphibians, reptiles, flowering plants, and invertebrates. Well-

known clades exhibit a decline in the mean and range of branch lengths that are added each year as new species are

described. With increased taxonomic knowledge over time, deep lineages of well-known clades become known such that

most recently described new species are added close to the tips of the tree, reflecting changing tree shape over the course

of taxonomic history. The same analyses reveal other clades to be candidates for future discoveries that could dramat-

ically impact our phylogenetic knowledge. Our work reveals that species are often added non-randomly to the phylogeny

over multiyear time-scales in a predictable pattern of taxonomic maturation. Our results suggest that we can make

informed predictions about how new species will be added across the phylogeny of a given clade, thus providing a

framework for accommodating unsampled undescribed species in evolutionary analyses.

Introduction
As we describe new species, we reshape our knowl-

edge of evolution. Each new species is not only a

name added to an ever-growing global inventory

but also a new branch of the Tree of Life, represent-

ing novel natural history, ecology, physiology, and

phenotypes. While it is difficult to make predictions

about the biology of undiscovered species, we should

be able to make an educated guess as to the effects of

adding newly described species to a phylogeny.

We know that many species remain undescribed

(Bickford et al. 2007; Pimm et al. 2010; Stork et al.

2015) and that incomplete taxon sampling affects

our ability to infer phylogenetic relationships and

macroevolutionary processes (Nee et al. 1994;

Graybeal 1998; Pybus and Harvey 2000; Heath

et al. 2008a, 2008b; Brock et al. 2011; Rabosky

2015). Further, discovery and description of new

species can be biased by factors including geographic

distribution, body size, and conspicuousness

(Blackburn and Gaston 1995; Gaston et al. 1995;

Alroy 2003; Collen et al. 2004). We expect that

clades vary in the degree to which species diversity

is documented due to differences, for example, in the

ease of collection or the difficulty of diagnosing dis-

tinct species using morphological data. While analy-

ses might accommodate incomplete sampling by

comparing observed trees to simulated sets of trees

with more species (e.g., Rabosky and Lovette 2008;

Shi and Rabosky 2015), this approach can be under-

mined if unsampled species are not randomly dis-

tributed across a phylogeny. It is therefore important

to understand how newly described species might be

distributed across clades. Will these species add short
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branches near the tips of a phylogeny? Or, in con-

trast, will these species add a broader diversity of

branch lengths including long branches to deep

nodes? After all, the discovery of a new species of

pocket mouse has a different impact on our under-

standing of mammalian evolution than the discovery

of a species belonging to a new order of mammals.

To address these questions, we need tools to evaluate

the extent to which the phylogeny of a taxon is al-

ready known.

Using two sources of data—a phylogeny in which

the tips are species and the years of description for

those species—we explore whether there are patterns

in how newly described species are added to different

clades across the history of taxonomic study. In

combination, these data allow for a characterization

of the impact of past species descriptions on the

topology and branch lengths of the clade to which

these species belong. Such analyses also allow for

informed predictions of how new species might be

added to a given clade in the future.

Materials and methods
Approach

We utilize recently compiled large species-level phy-

logenies across the Tree of Life (>2000 species) and

the year of scientific description for each species to

track when and where species are added to the phy-

logeny. These data allow us, for example, to deter-

mine how the length, shape, and size of phylogenies

vary across the history of taxonomic knowledge over

the past �250 years. We can then ask whether an

observed pattern of adding new species between

two time-points is different from that expected by

adding the same number of species to random posi-

tions in the phylogeny. To aid in the evaluation of

these patterns, we developed a heuristic approach for

assessing this impact of taxonomic practice on char-

acterizing a given phylogeny.

Because taxon sampling clearly impacts our ability

to infer the topology and branch lengths in a phy-

logeny (Heath et al. 2008a, 2008b), a future exten-

sion of this approach is to explore how adding newly

described species impacts the inference of a phylog-

eny across different time-points in taxonomic knowl-

edge. Clearly, much of the early history of taxonomic

study was conducted without an explicit phyloge-

netic context and many authors today use phyloge-

nies as an important component in recognizing new

species. It is widely acknowledged that phylogenetic

relationships change as species are added (Heath

et al. 2008a, 2008b) and thus our approach assumes

that the most completely sampled tree is the likeliest

to represent the “true” relationships. Our analyses do

not attempt to track the effect that species addition

has on the inference of phylogenetic relationships

among species, only the changing shape of this

“true” tree as taxonomic sampling grows. Last, be-

cause we use metrics developed for characterizing

bifurcating phylogenies, we restrict our examples to

Eukaryota and do not extend it to Archaea and

Bacteria in which reticulation among lineages is

likely extremely common (e.g., Gogarten and

Townsend 2005).

Data sources

We focus primarily on two diverse vertebrate

assemblages—amphibians and squamate reptiles (liz-

ards and snakes)—because (a) large-scale time-cali-

brated phylogenies are available for both groups

(Pyron and Wiens 2013; Pyron and Burbrink 2014)

and (b) these are higher taxa that are currently the

focus of systematic revision and species discovery.

For example, over the past decade an average of

�154 new amphibian species was described each

year (SD 623; 2009–2018; AmphibiaWeb 2018),

resulting in nearly a 25% increase of the total species

diversity over that time. These phylogenies were sub-

sampled to recover circumscribed taxonomic and

geographic groups using the R statistical computing

environment 3.6.1 (R Core Team 2019). Tree manip-

ulations used functions extract.clade and treedata

from ape (v5.3, Paradis and Schliep 2018) and geiger

(2.0.6.2, Harmon et al. 2008) packages, respectively.

While these are the most complete time-calibrated

phylogenies available for these taxa, there are still

many described species that are not sampled. For

this exercise, we ignore those described species that

are unsampled in these large molecular phylogenies.

The recently published phylogenies of Jetz and Pyron

(2018) and Tonini et al. (2016) were excluded from

our analyses because their method of inserting

unsampled taxa at the base of clades creates polyto-

mies and obfuscates the effect of taxonomic addition

on the shape of the phylogeny.

We utilized the primary resources for taxonomic

data on amphibians Frost (2019) and reptiles (Uetz

and Ho�sek 2015) to determine the year of descrip-

tion for each species included in the phylogeny. In

addition, we used Uetz and Ho�sek (2015) to charac-

terize the geographic location of the type locality to

provide an example of using these same data to

characterize the impact of species discovery in a

given geographic region.

To demonstrate the generality of this approach to

other animals and plants, we conducted similar
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analyses for exemplar clades from both flowering

plants and invertebrates. For flowering plants, we

focus on two large subclades of the Saxifragales—

Crassulaceae (stonecrop family) and Saxifragaceae

(saxifrage family)—using the phylogeny from Soltis

et al. (2013) and taxonomic authorities gathered

from the Darwin Core Archive for the Plant List

(doi: 10.15468/btkum2). For invertebrates, we com-

bined data on the arachnid order Cyphophthalmi

(mite harvestmen) and on Onychophora (velvet

worms). Data for Cyphophthalmi were obtained

from two sources (Giribet et al. 2012, 2016) and tax-

onomic authorities collected from the literature by one

of us (G.G.); this group was first described in the 18th

Century and now has a nearly complete phylogeny and

the species diversity has increased by nearly 40% since

2000 (Giribet 2000). For Onychophora, we used a re-

cent time-calibrated phylogeny (Giribet et al. 2018)

and a recently updated catalog of species (Oliveira

et al. 2012); for the analyses presented here, we re-

moved undescribed species for simplicity. For both

Saxifragales and Cyphophthalmi, we converted molec-

ular phylogenies to chonograms using the chronopl

function in ape (with age.max ¼ 1).

Metrics

To track the effects of taxonomic addition over the

past �250 years of taxonomic study, we employed

several existing and newly developed functions in R

(Supplemental Materials). We pruned the full phy-

logeny (T) to contain only currently recognized spe-

cies described between 1758 (the year that Linnaeus

published the tenth edition of Systema Naturæ) and

the year that the third species of T was described

(n1) using the treedata function in geiger. This

returns a “minimum” tree—T1—with three or

more species (although T1 could contain more

than three taxa when multiple species were described

in the same year as the third species). We then

stored this tree and used a function to calculate sev-

eral metrics to characterize phylogeny, including the

average, maximum, and minimum length of all

branches (BL) added that year, the c-statistic value

(c; Pybus and Harvey 2000), and phylogenetic diver-

sity (PD; Faith 1992), which are further detailed be-

low. We looped this function to record the statistics

for each Tn between the years of the first and last

species descriptions in T. These metrics provide a

multifaceted view of how phylogenies change with

increasing knowledge of species diversity and quan-

tify different aspects of tree shape (BL and c). Both R

code and data are available via GitHub: https://

github.com/drScanley/PhyloDon.

The first metric, new branch-lengths (BL), records

the BLs for all newly added species between Tn and

Tnþ1 and returns the mean, maximum, and minimum

of the lengths of newly added branches per year.

Pybus and Harvey’s (2000) c is a measure of the

distribution of internodes from the root to the tips,

with positive or negative c values indicating a con-

centration of nodes close to the tips or the root,

respectively. We calculated c using the ltt function

in geiger. Because values for c change as species are

added to a phylogeny (Missa et al. 2016), we created

a null distribution of c for each Tn by pruning a

randomized subset of species from T equal to the

number of species missing in Tn with 1000 replicates.

The looped code records c and both the 2.5% and

97.5% percentiles to record 95% of the null c distri-

bution for each Tn. Because the value of c for a clade

is a function of the particular topology and number

of tips (Phillimore and Price 2008; Cusimano and

Renner 2010), we calculated the observed–expected

c, which we call cOE, to facilitate comparisons. Two

phylogenies with the same topology and number of

tips may differ in the observed curve of c because of

differing distributions of branch lengths. However,

the pattern of cOE remains generally the same

(Supplemental Materials). To assess stability in the

impact of adding new species to the phylogeny of a

clade, we measured the slope of cOE for the past

30 years. A positive slope reveals a recent extended

period in which new species are added close to the

tips of the tree.

We calculated PD (Faith 1992)—the summed

length of the branches of the minimum spanning

tree containing only a subset of species (e.g., species

added in a given time interval)—to measure the evo-

lutionary breadth of new species added each year.

This supplements information from our analyses of

how BL changes for a clade across years of taxo-

nomic study by revealing whether new branches

tend to be added to small subclades or instead are

distributed across the phylogeny, similar to how PD

is used in conservation biology studies for a geo-

graphic region (Winter et al. 2013). We recorded

PD by measuring the summed BLs of a subsampled

T that only included species missing in the previous

Tn (i.e., the species described in year n). By adding a

step function for each loop, Tn could represent

1 year or a span of years of taxonomic study

(Supplemental Materials); for our analyses, we calcu-

lated the above metrics for 5-year intervals represent-

ing that year (c) or the sum (PD) or average (BL) of

that year and the preceding 4 years.

Last, to provide an example of how additions of

new species impact inferences of trait evolution, we
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calculated both evolutionary rate (mean-squared in-

dependent contrast; Felsenstein 1985) and phyloge-

netic signal (k; Pagel 1994) of snout–vent length

(SVL)—a commonly used measure of body size—

at different time points in taxonomic knowledge of

both the Pleurodonta and Gekkota using the data

from Feldman et al. (2016).

Results
We generated phylogenies representing time slices in

taxonomic knowledge from Linnaeus to the present

based on our current understanding of phylogeny

(summarized in Fig. 1). As newly discovered species

are added to clades, most show declines in the mean

and range of branch lengths (BL) added (Fig. 2).

This is intuitive because as a clade becomes better

known, newly added species are, on average, more

closely related to ones that are already known and

thus newly added branch lengths are smaller.

However, this pattern varies and for certain clades,

such as those with many cryptic species, we observe

high variation in BL added (e.g., Ranoidea, Gekkota,

Cyphophthalmi; Figs. 2, 3), including across recent

years. In addition, the patterns observed for different

geographic regions (Fig. 4) make intuitive sense be-

cause well-studied temperate regions such as North

America and Europe exhibit low values of both the

mean and range of BL during the 20th century,

whereas tropical regions such as South America ex-

hibit substantial variation in BL across years of tax-

onomic study up to the present.

Estimates of c vary across different time-points in

taxonomic knowledge. Although the overall pattern

of c is dependent on tree shape and number of spe-

cies, the temporal pattern of c appears consistent

across most clades examined here. In most taxo-

nomic and geographic groups, we found that c val-

ues become increasingly negative as more species are

added to the phylogeny (indicating a greater density

of nodes near the root), although this is not the case

for some clades or regions (e.g., Europe, South

America). By generating plots of cOE, we can identify

periods when the observed c falls outside of the

range of c when an equivalent number of random

taxa are removed from the original tree. Although

tree shape (as measured by c) does not differ signif-

icantly over taxonomic history from the null expec-

tation in several large clades, many clades display a

clear pattern in which new species are added to the

phylogeny. For example, moving forward through

time from the mid-18th century to the present day,

the observed c value of a number of clades (e.g.,

Pleurodonta, Serpentes, Crassulaceae) and regional

assemblages (e.g., South America) becomes signifi-

cantly more negative than expected, followed by a

period of stasis where the difference between

observed and expected c (cOE) remains relatively

constant, and then increases in the recent past

(Figs. 2–4). This result generally reflects the intense

effort of describing major lineages during the second

half of the 19th century, as well as a late-20th cen-

tury tendency to describe cryptic species using non-

morphological (e.g., DNA sequence) data.

A recent positive slope of cOE (Fig. 2) indicates

that recently described species are added close to the

tips of the tree. This is supported by comparison to

plots of BL showing that well known clades with

recent positive slopes of c also have declined in val-

ues of BL across recent years.

Variation in PD values across years (Figs. 2, 3)

reveals the extent to which taxonomic effort in a

given year is distributed across a phylogeny. For

some well-known clades, values for PD in recent

years reveal a limited phylogenetic scope to the

new species described, whereas in other clades new

species are being described from a more diverse as-

semblage of lineages.

When a single continuous character (SVL) is

mapped onto the phylogenies of gekkotan and pleu-

rodont lizards, the evolutionary rates and phyloge-

netic signal vary considerably across taxonomic

history (Fig. 5). The estimated evolutionary rate of

pleurodont SVL is relatively consistent following the

mid 19th century, whereas the estimated evolution-

ary rate of gekkotan SVL varies three to four-fold

over the past 50 years. While estimates of phyloge-

netic signal, k, would have been largely similar at

previous points in taxonomic knowledge for pleuro-

dont SVL, estimates of k for gekkotan SVL ranges

from 0 to 1 across this same period.

Discussion
There is a largely consistent pattern to the impact of

adding newly described species to a phylogeny. This

pattern of “taxonomic maturation” typically begins

with new species being added at random with respect

to the phylogeny. Because the early taxonomic his-

tory in the clades used here predates phylogenetic

and evolutionary approaches to systematics, this pat-

tern might be expected. Following this, some clades

exhibit a pattern in which major phylogenetic line-

ages are described, often with newly described spe-

cies representing new phylogenetically distinct

lineages (e.g., genera or families in our examples).

This is reflected in declining values of c (Fig. 2),

often dipping below the 95% CI as taxonomists
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tend to describe species that are more phylogeneti-

cally divergent from one another than expected by

chance. With major lineages sketched out, addition

of new species may proceed largely again at random

with respect to the phylogeny. Later in the

taxonomic maturation, many clades exhibit a pattern

in which newly added species tend to be closely re-

lated to already described species. For well-known

clades or geographic regions, observed values of c
begin increasing in recent years (Figs. 2–4). This

Fig. 3 Visualizations of the impact of species discovery on phylogenetic patterns for herbaceous flowering plants and invertebrates.

Plots are as in Fig. 2.
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reflects a shift from describing species representing

long branches to those closely related to other

known species. As systematists use a rapidly increas-

ing and powerful toolkit to discriminate among sim-

ilar species, including data from genes and genomes,

mating calls, karyotypes, parasites, and more, we ex-

pect that the values for c will continue to increase

late in taxonomic maturation. However, this pattern

might also be driven by a recent tendency to split

species with multiple genetically distinct populations

into two or more species (Hillis 2019).

This pattern of taxonomic maturation is most

clearly exemplified in our datasets by Pleurodonta,

a clade containing nearly 1200 species of

Fig. 5 Predicting c values at previous time points in taxonomic knowledge in 50-year intervals. At each time point, the number of

missing species from the present-day tree were added 100 times and c calculated on each to create a distribution, which is represented

by the different colored intervals mapped at the right of the plot.

Fig. 4 Impact of species discovery on phylogenies of squamate reptiles in three geographic regions. Plots are as in Fig. 2.
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conspicuous, largely diurnal, and morphologically

diverse lizards that are mostly restricted to the

Americas. During 1825–1875, 36 (78%) of the cur-

rently recognized pleurodont genera were described,

and this is reflected in both the wide range of BL

added during this period and the highest PD values

during the taxonomic history of pleurodonts

(Fig. 2). This group displays a major decline in val-

ues of both c and cOE in the second half of the 19th

century. This represents the discovery and descrip-

tion of the major pleurodont lineages that accompa-

nied biological exploration in the American

Southwest and inland areas of South America, with

many currently recognized pleurodont species being

described from 1850 to 1900 by systematists such as

Spencer F. Baird (n¼ 15), Marie-Firmin Bocourt

(n¼ 17), George A. Boulenger (n¼ 37), and

Edward D. Cope (n¼ 80). This was followed by a

long period of stasis, in which a range of phyloge-

netically distinctive taxa were described, and then

followed by a period during which molecular tools

and other approaches facilitated descriptions of

closely related taxa from 2000 to 2019 by systematists

such as Cristian S. Abdala (n¼ 43), Jörn Köhler

(n¼ 54), Andr�es S. Quinteros (n¼ 20), and Jack

Sites (n¼ 20). In the past two decades, PD values

for pleurodonts have been relatively low (Fig. 2)

largely due to most taxonomic effort being focused

within two genera, Anolis and Liolaemus.

The pattern for Pleurodonta contrasts sharply with

Gekkota, a clade of comparable size (nearly 1800

species), but with a worldwide distribution and com-

prised of often morphologically similar species that

are typically nocturnal, making them ecologically

cryptic. Gekkota does not display the pattern of tax-

onomic maturation observed for pleurodonts and

the phylogenetic distinctiveness of newly described

gekkotan species does not differ from random. This

is evidenced by the fact that relatively long branches

are still being added across the gekkotan tree, result-

ing in a wider range of BL and higher values of PD

relative to pleurodonts. During the past 50 years, 31

of the 124 currently recognized gekkotan genera were

described, including the first species representing

nine of these new genera (Dierogekko, Kolekanos,

Oedodera, Orraya, Paniegekko, Parsigecko,

Ramigekko, Toropuku, Tukutuku). In contrast, only

1 of the 46 currently recognized pleurodont genera

was described (Eurolophosaurus) during the past

50 years, with its first described species from 1981

Fig. 6 Evolutionary rate (mean-squared phylogenetic independent contrasts) and phylogenetic signal (Pagel’s k) of snout–vent lengths of

pleurodont (green) and gekkotan (purple) lizards throughout the taxonomic history of both clades.
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(Uetz and Ho�sek 2015). Because our approach

reveals analytically what a gekkotan or pleurodont

systematist might tell you based on expert knowl-

edge, this provides a tool for those that are not tax-

onomically focused experts to obtain a more

informed view of a clade before proceeding with

analyses that depend on taxon sampling.

Our ability to approximate the “true” tree shape

at previous points in taxonomic knowledge depends

in part on the pattern of taxonomic maturation. For

clades in which early taxonomic descriptions favored

species representing deep lineages, we might be able

to make predictions for c that encompass the

present-day observed value. Using the add.random

command in the R package phytools (Revell 2012),

we can test how well randomly adding taxa to a

phylogeny from a previous time point in taxonomic

knowledge recovers the actual present-day c. Such

predictions of present-day c do not invariably en-

compass the observed value (Fig. 6), especially

when major lineages remain largely undescribed

(e.g., Acrodonta, Gekkota). However, once major

lineages are known, especially in well-known clades

(e.g., Pleurodonta, Anguimorpha), we can encom-

pass the present-day value for c based on randomly

adding tips to phylogenies that represent previous

time points in knowledge (Fig. 6). Our ability to

accurately predict future values for c then likely

depends on the extent to which deep lineages within

a clade are known.

The shapes of the c curves observed here

(Figs. 2, 3) are similar to those observed in simulated

phylogenies by adding species using various models

of diversification (Missa et al. 2016). In our analyses,

a positive slope of the cOE curve in recent years

indicates a period when, on average, new species

are being added close to the tips of the phylogeny

(and thus values of BL are small). This produces a

pattern similar to simulated phylogenies because spe-

ciation is happening only at the tips of the trees.

Many scientists focused on diverse clades are faced

with the decision of how best to partition their time

between describing new species and inferring evolu-

tionary patterns. Is it worth focusing on species dis-

covery and description for a given clade? Or, instead,

is the diversity sufficiently known where investigating

evolutionary patterns will be worthwhile because

most major lineages are probably now known? For

well-known clades, we are adding species on average

toward the tips of the phylogeny because discovery

and addition of major lineages has slowed, but this is

not true across the entire Tree of Life. For many

clades we are still in an age of major discovery where

we will likely add deep branches to the phylogeny

(e.g., the cryptic invertebrate lineages used here,

Cyphophthalami and Onychophora; Fig. 3). As dem-

onstrated here, we can predict clades or geographic

regions that might be understudied or for which new

taxonomic efforts might most dramatically alter our

understanding of the phylogeny.

Our approach can be used to characterize the ex-

tent to which the major lineages of a phylogeny are

known as well as predict clades and regions for

which future taxonomic effort might have high im-

pact on evolutionary studies. If the variation in

branch lengths across recent years remains high

and the slope of observed c over the past decade is

similar to the null, then authors should evaluate the

robustness of evolutionary inferences for a clade by

randomly adding tips representing potential new

species across the phylogeny. In contrast, if branch

length variation across recent years is small and the

slope of cOE is positive over the recent past, then it

might be more realistic to represent unsampled and

undescribed species by concentrating them toward

the tips of the tree when simulating their addition

to the phylogeny. When selecting clades on which to

conduct analyses of lineage or trait diversification

(Harmon et al. 2010), our approach can be used

to determine those clades for which evolutionary

inferences might be more robust to future species

descriptions.

The proportion of taxonomic “known unknowns”

is a definable value that is constantly eroded as de-

scribed species are placed in a phylogenetic frame-

work. Yet it is difficult to predict the proportion and

placement of missing “unknown unknowns” (Pimm

2012) and the effect that these missing taxa might

have on evolutionary analyses (Figs. 2, 3, 6). Even for

described taxa, variation in taxonomic opinion

among authors might affect the results of diversifi-

cation analyses (Faurby et al. 2016), and the ways in

which authors accommodate “unknown unknowns”

could have equally major impacts on their evolution-

ary inferences. By incorporating an understanding of

taxonomic maturation into analyses, we will build on

previous work characterizing biases in species

descriptions (Roberts and Marshall 2009). We rec-

ommend that authors evaluate whether evolutionary

inferences (e.g., c, k) differ based on adding

“unknown unknowns” to their focal phylogeny in-

formed by whether most newly described species are

added close to the tips or instead are more evenly

distributed across the depth of the tree.

Acknowledgments
We thank P. Uetz and D. Frost for facilitating access

to data in their taxonomic resources. Over the

10 Blackburn et al.

Deleted Text: &hx2018;
Deleted Text: &hx2019;
Deleted Text: s
Deleted Text: s
Deleted Text: &hx2018;
Deleted Text: &hx2019;
Deleted Text: &hx2018;
Deleted Text: &hx2019;
Deleted Text: &hx2018;
Deleted Text: &hx2019;
Deleted Text: &hx2018;
Deleted Text: &hx2019;


course of this project, the authors benefited from

discussions with and assistance from D. Cannatella,

T. Heath, D. Hillis, L. Revell, J. Sukumaran, John

S.S. Denton and D. Wake. Students and postdocs

of the Herpetology Division at FLMNH provided

useful feedback on drafts of this manuscript, includ-

ing G. Jongsma, R. Keeffe, L. Nu~nez, J. Oswald, D.

Paluh, M. Talla Kouete, and N. Tarn. Comments by

M. Wilkinson and three anonymous reviewers

helped to focus the discussion.

Funding
The authors were supported by the California

Academy of Sciences, the University of Florida, and

NSF DEB-1202609 to D.C.B.

Supplementary data
Supplementary data are available at IOB online.

References
Alroy J. 2003. Taxonomic inflation and body mass distribu-

tions in North American fossil mammals. J Mammal

84:431–43.

AmphibiaWeb. 2018. AmphibiaWeb: Information on amphib-

ian biology and conservation. Available online at: http://

amphibiaweb.org/amphibian/newspecies.html.

Bickford D, Lohman DJ, Sodhi NS, Ng PK, Meier R, Winker

K, Ingram KK, Das I. 2007. Cryptic species as a window on

diversity and conservation. Trends Ecol Evol 22:148–55.

Blackburn TM, Gaston KJ. 1995. What determines the prob-

ability of discovering a species?: a study of South American

oscine passerine birds. J Biogeogr 22:7–14.

Brock CD, Harmon LJ, Alfaro ME. 2011. Testing for temporal

variation in diversification rates when sampling is incom-

plete and nonrandom. Syst Biol 60:410–9.

Collen B, Purvis A, Gittleman JL. 2004. Biological correlates

of description date in carnivores and primates. Glob Ecol

Biogeogr 13:459–67.

Cusimano N, Renner SS. 2010. Slowdowns in diversification

rates from real phylogenies may not be real. Syst Biol

59:458–64.

Faith DP. 1992. Conservation evaluation and phylogenetic

diversity. Biol Conserv 61:1–10.

Faurby S, Eiserhardt WL, Svenning J-C. 2016. Strong effects

of variation in taxonomic opinion on diversification anal-

yses. Methods Ecol Evol 7:4–13.

Feldman A, Sabath N, Pyron RA, Mayrose I, Meiri S. 2016.

Body sizes and diversification rates of lizards, snakes,

amphisbaenians and the tuatara. Glob Ecol Biogeogr

25:187–97.

Felsenstein J. 1985. Phylogenies and the comparative method.

Am Nat 125:1–15.

Frost DR. 2019. Amphibian Species of the World: An Online

Reference. Version 6.0. Available at: http://research.amnh.

org/herpetology/amphibia/index.html. American Museum

of Natural History, NY, USA.

Gaston KJ, Blackburn TM, Loder N. 1995. Which species are

described first? The case of North American butterflies.

Biodivers Conserv 4:119–27.

Giribet G. 2000. Catalogue of the Cyphophthalmi of the

World (Arachnida, Opiliones). Rev Ib�er Aracnol 2:49–76.

Giribet G, Sharma PP, Benavides LR, Boyer SL, Clouse

RM, de Bivort BL, Dimitrov D, Kawauchi GY,

Murienne JY, Schwendinger PJ. 2012. Evolutionary and

biogeographical history of an ancient and global group

of arachnids (Arachnida: Opiliones: Cyphophthalmi)

with a new taxonomic arrangement. Biol J Linn Soc

105:92–130.

Giribet G, Boyer SL, Baker CM, Fern�andez R, Sharma PP, de

Bivort BL, Daniels SR, Harvey MS, Griswold CE. 2016. A

molecular phylogeny of the temperate Gondwanan family

Pettalidae (Arachnida, Opiliones, Cyphophthalmi) and the

limits of taxonomic sampling. Zool J Linn Soc 178:523–45.

Giribet G, Buckman-Young RS, Sampaio-Costa C, Baker CM,

Benavides LR, Branstetter MG, Daniels SR, Pinto-da-Rocha

R. 2018. The “Peripatos” in Eurogondwana?—Lack of evi-

dence that southeast Asian onychophorans walked through

Europe. Invertebr Syst 32:842–63.

Gogarten JP, Townsend JP. 2005. Horizontal gene transfer,

genome innovation and evolution. Nat Rev Microbiol

3:679–87.

Graybeal A. 1998. Is it better to add taxa or characters to a

difficult phylogenetic problem?. Syst Biol 47:9–17.

Harmon LJ, Losos JB, Davies TJ, Gillespie RG, Gittleman JL,

Jennings WB, Kozak KH, McPeek MA, Moreno-Roark F,

Near TJ, et al. 2010. Early bursts of body size and shape

evolution are rare in comparative data. Evolution

64:2385–96.

Harmon LJ, Weir JT, Brock CD, Glor RE, Challenger W.

2008. GEIGER: investigating evolutionary radiations.

Bioinformatics 24:129–31.

Heath TA, Hedtke SM, Hillis DM. 2008. Taxon sampling and

the accuracy of phylogenetic analyses. J Syst Evol

46:239–57.

Heath TA, Zwickl DJ, Kim J, Hillis DM. 2008. Taxon sam-

pling affects inferences of macroevolutionary processes

from phylogenetic trees. Syst Biol 57:160–6.

Hillis DM. 2019. Species delimitation in herpetology. J

Herpetol 53:3–12.

Jetz W, Pyron RA. 2018. The interplay of past diversification

and evolutionary isolation with present imperilment across

the amphibian tree of life. Nat Ecol Evol 2:850–8.

Missa O, Dytham C, Morlon H. 2016. Understanding how

biodiversity unfolds through time under neutral theory.

Phil Trans R Soc Lond B 371:20150226.

Nee S, Holmes EC, May RM, Harvey PH. 1994. Extinction

rates can be estimated from molecular phylogenies. Phil

Trans R Soc Lond B 344:77–82.

Oliveira Ide S, Read VMSJ, Mayer G. 2012. A world checklist

of Onychophora (velvet worms), with notes on nomencla-

ture and status of names. ZooKeys 211:1–70.

Pagel M. 1994. Detecting correlated evolution on phylogenies:

a general method for the comparative analysis of discrete

characters. Proc R Soc Lond B 255:37–45.

Paradis E, Schliep K. 2018. ape 5.0: an environment for mod-

ern phylogenetics and evolutionary analyses in R.

Bioinformatics 35:526–28.

New species alter phylogenetic patterns 11

/article-lookup/doi/10.1093/iob/obz028#supplementary-data
http://amphibiaweb.org/amphibian/newspecies.html
http://amphibiaweb.org/amphibian/newspecies.html
http://research.amnh.org/herpetology/amphibia/index.html
http://research.amnh.org/herpetology/amphibia/index.html


Phillimore AB, Price TD. 2008. Density-dependent cladogen-

esis in birds. PLoS Biol 6:e71.

Pimm SL. 2012. Biodiversity: not just lots of fish in the sea.

Curr Biol 22:R996–R997.

Pimm SL, Jenkins CN, Joppa JN, Roberts DL, Russell GJ.

2010. How many endangered species remain to be discov-

ered in Brazil? Nat Conserv 8:71–7.

Pybus OG, Harvey PH. 2000. Testing macro-evolutionary

models using incomplete molecular phylogenies. Phil

Trans R Soc Lond B 267:2267–72.

Pyron RA, Burbrink FT. 2014. Early origin of viviparity and

multiple reversions to oviparity in squamate reptiles. Ecol

Lett 17:13–21.

Pyron RA, Wiens JJ. 2013. Large-scale phylogenetic analyses

reveal the causes of high tropical amphibian diversity. Proc

R Soc Lond B 280:20131622.

R Core Team. 2019. R: a language and environment for statis-

tical computing. Vienna, Austria: R Foundation for Statistical

Computing. Available online at https://www.R-project.org/.

Rabosky DL. 2015. No substitute for real data: a cautionary

note on the use of phylogenies from birth-death polytomy

resolvers for downstream comparative analyses. Evolution

69:3207–16.

Rabosky DL, Lovette IJ. 2008. Density-dependent diversifica-

tion in North American wood warblers. Proc R Soc Lond B

275:2363–71.

Revell LJ. 2012. phytools: an R package for phylogenetic com-

parative biology (and other things). Methods Ecol Evol 3:

217–23.

Roberts DL, Marshall CR. 2009. Are higher taxa described

earlier or later than expected by chance?. Syst Biodivers

7:243–7.

Shi JJ, Rabosky DL. 2015. Speciation dynamics during the

global radiation of extant bats. Evolution 69:1528–45.

Soltis DE, Mort ME, Latvis M, Mavrodiev EV, O’Meara BC,

Soltis PS, Burleigh JG, Rubio de Casas R. 2013.

Phylogenetic relationships and character evolution analysis

of Saxifragales using a supermatrix approach. Am J Bot

100:916–29.

Stork NE, McBroom J, Gely C, Hamilton AJ. 2015. New

approaches narrow global species estimates for beetles,

insects, and terrestrial arthropods. Proc Natl Acad Sci U

S A 112:7519–23.

Tonini JFR, Beard KJ, Ferreira RB, Jetz W, Pyron RA. 2016.

Fully-sampled phylogenies of squamates reveal evolutionary

patterns in threat status. Biol Conserv 204:23–31.

Uetz P, Ho�sek J. 2015. The Reptile Database. Available online

at: http://www.reptile-database.org.

Winter M, Devictor V, Schweiger O. 2013. Phylogenetic di-

versity and nature conservation: where are we?. Trends Ecol

Evol 28:199–204.

12 Blackburn et al.

https://www.R-project.org/
http://www.reptile-database.org

