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ABSTRACT

The real diversity of the Bovidae is not only underestimated, but holds many surprises in its richness of
diversity, especially overlooked and misclassified cryptic species. Our argument refutes the recent paper (Heller
et al. 2013) condemning Groves & Grubb’s (2011) revised taxonomy of the Bovidae as “taxonomic inflation”
that is bad for conservation. The recent collective condemnation of this bovid revision misunderstands
taxonomic theory and concept, and disregards how the unprecedented revision of material evidence informs the
new bovid taxonomy. Unfortunately, the criticisms are likely to mislead conservation efforts. Contrary to
taxonomic conservatives’ denigrations of the Phylogenetic Species Concept (PSC), we explain how
evolutionary species - ontological realities - can be discovered and characterized using the PSC, with a
minimum of taxonomic error. Taxonomic conservatism weakens conservation policy because it throws a great
deal out of biology. It is best understood as a political reaction to taxonomic revisions replacing non-historical
characterizations of biodiversity (reliant on the polytypic Biological Species Concept and/or the morphological

species concept) with historical ones based on the PSC. Further, accelerating discoveries of cryptic species
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unnerve conservative traditions in taxonomy and conservation biology. Taxonomic conservatism has no place in
modern biology, let alone phylogenetic systematics, because its deficiencies undermine the consilience of
comparative biology. Most seriously, taxonomic conservatism ignores the fundamental role of the Individuality
Thesis in fostering robust understanding of biodiversity. We argue that rejections of G&G defend an obsolete
taxonomy of large mammals, which testifies to the remarkable persistence of a folk taxonomy weakening 21%
century science. Our consolidated argument underscores the challenges of improving scientific knowledge of

cryptic biodiversity, exemplified in the extant (and historically extinct) Bovidae.
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INTRODUCTION

Heller et al. (2013), hereafter H&A, argue that the recent revision of the Bovidae (Groves and
Grubb 2011), hereafter G&G (and see also Groves and Leslie 2011) is rife with Type 1 taxonomic
errors (assigning the rank of species to a population that it is actually part of a metapopulation).
Purportedly, G&G raise ecotypes or subspecies to the level of full species in the absence of credible
evidence. Distinctly unwelcome, this increase in recognized species is labelled "taxonomic inflation"
and apparently also causes taxonomic instability: altogether bad for conservation. We label this
position “taxonomic conservatism” (Padial et al. 2009) and our criticism of the pejorative usage of
"taxonomic inflation" echoes what Bernardo (2011) calls “inertial bias”. H&A is one contribution
among recent rebuttals (Zachos & Lovari 2013; Zachos et al. 2013a,b) condemning G&G: described
as “a mess” of taxonomic artefacts created by a “splitting frenzy” (Zachos 2012). All these rebuttals
reject the Phylogenetic Species Concept (PSC), of which G&G used the diagnostic version (cf.

Wheeler & Platnick 2000) to discover species'.

Nevertheless, H&A pose an important question. Our overarching objective is to explain why
the real diversity of the Bovidae is not only underestimated, but holds many surprises; not least
because its richness of cryptic species has been overlooked and misclassified. We argue G&G has
undertaken the first comprehensive test of what we define as the Phenetic Hypothesis. We emphasize
why the benefits of a precise, accurate classification of bovid diversity are far-reaching. Our response
is motivated by the quest to characterize cryptic biodiversity — to obtain an objective knowledge of
extant (and historically extinct) bovids. Whilst the magnitude and significance of cryptic diversity is

well known, and accepted without question for small mammals, its prevalence in large mammals

'we struggle to reconcile several contradictory statements by H&A that invoke central concepts in
comparative biology and systematics. An explicit ontology of the species category is not defined, indeed they
“acknowledge that no consensus exists”, but they endorse “an integrative taxonomy” in citing Padial et al.
(2010) who argue strongly for the Evolutionary Species Concept (ESC). Conversely, H&A dismiss the PSC, even
though it is the primary species criterion that operationalizes tests of evidence to characterize species under
the aegis of the ESC. They condemn the PSC “as unstable and unsuitable for biodiversity assessment”, yet
claim “...we do not advocate static species lists”. It is further unclear how the tree-thinking framework of
integrative taxonomy accommodates the notions of subspecies and ecotypes; obsolete, these are not real
evolutionary entities but artifacts of polytypic species concepts.
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awaits due recognition. The magnitude of the knowledge gap stands out when we compare the neglect
of large mammal taxonomy against the continuing explosion in discoveries of cryptic species of
African small mammals (e.g. Stoffberg et al. 2012; Taylor et al. 2011, 2012; Koubinova et al. 2013;
Van Daele et al. 2013). Besides G&G, recent exceptions include revisions of Loxodonta (see below)
and Giraffa (Brown et al. 2007) and the Kobus leche complex (Cotterill 2005, 2006); not all cryptic
species of mammals are “small” and some are “medium” sized such as Philantomba walteri (Colyn et
al. 2010). These burgeoning reports of overlooked mammal diversity exemplify how a New Age of
Discovery challenges 21* century biology (Donoghue and Alverson 2000; Baker and Bradley 2006;
Helgen 2011), and G&G represents long overdue progress to close many knowledge gaps, not least

overlooked cryptic species of Bovidae.

Expanding on Groves (2013), Gippoliti & Groves (2012), and Gippoliti et al. (2013), we reject
criticisms of G&G, which dismiss the PSC as error-prone and condemn a significant proportion of
bovid species as artefacts of “taxonomic inflation”. This view weakens accurate and precise
knowledge of biodiversity, and in turn misleads conservation policy. We first (1) summarize the
nature of real species (their ontology); (2) explain how errors mislead species discovery and
characterization; and (3) respond to specific errors in H&A. We then (4) argue that extreme
operationalism is the common cause of Type 2 and 3 errors in bovid taxonomy, which (5) collectively
undermine the purported scientific credibility of the idea of “taxonomic inflation”. These insights lead
us to propose an explanation (6) for why an obsolete taxonomy of the Bovidae has persisted for

decades.

EVOLUTIONARY SPECIES AND THE PHYLOGENETIC SPECIES CONCEPT

In consolidating phylogenetic systematics, a widely recognized outcome of the “Systematics Wars”
through the late 20" century was its discarding of phenetics (Hull 1989; Felsenstein 2004). The
maturation of phylogenetic systematics both motivated and was founded on a significant
revolutionary breakthrough; this entailed the elucidation of the Individuality Thesis that continues to

change comparative biology irrevocably. Contemporary comparative biologists, systematists

¥T0Z ‘Gz Afenige4 uo alodebuis Jo AisAIUN euoRN e /Blo'seulnolpioxooigsAs//:dny woly papeojumoqd


http://sysbio.oxfordjournals.org/
http://sysbio.oxfordjournals.org/

especially, cannot ignore its central importance. It began with the argument that species are,
ontologically speaking, individuals. Species are not classes (Ghiselin 1974). Formalized decades after
1859, the elucidation of the Individuality Thesis was distinctly belated, and its reshaping of science is
by no means complete (Ghiselin 1997, 2005a,b,c). Its fundamental strengths in restructuring science
can be gauged by the plight of converse attempts to refine an ontology (equally, an epistemology) for
biology that ignores the Individuality Thesis. These all end up in the wilderness, appealing to
essentialism and operationalism (Barbieri 2002; Ghiselin 1997, 2005a,b,c; Jenner & Wills 2008). The
Individuality Thesis frames the revised bovid taxonomy. Explicit characterization of lineages replaces
the classification of polytypic species, each comprising allopatric populations lumped together
because they look morphologically similar. For example, the principal allopatric populations of
Wildebeest (gnu) Connachaetes, Topi Damaliscus, and Hartebeest Alcelaphus, distributed across
Africa’s savannah grasslands were classified into respective polytypic species (Grubb 2005); they
each comprise a species complex of divergent lineages: exemplified by Connachaetes mearnsi and
Damaliscus jimela both endemic to the Serengeti-Mara ecosystem (G&G). The taxonomic revision
compiled by G&G exemplifies how biology’s New Age of Discovery demands universal standards for
biodiversity characterization, not least for a universal species category, especially when we
acknowledge the dimensions of cryptic biodiversity (Trontelj & Fiser 2009).

The fundamental impact of the Individuality Thesis on systematics is evident in how the tree-
thinking paradigm replaced group-thinking (O’Hara 1988, 1997); tree-thinking frames the discovery
and characterization of individuated populational lineages, with minimum error. The Individuality
Thesis provides us with the conceptual scaffolding to discover these time-extended lineages, which
qualify as evolutionary species. Contrary to Hausdorf (2011) and H&A, we acknowledge the
consensus that has solved the species problem: the species category” comprises individuated
populational lineages. A species is that segment of a populational lineage that has persisted between

critical events of individuation; a unique evolutionary history has shaped its topology. Obviously, the

% The distinction between species - as individuals - and the species category - as a kind - is fundamental to
systematics, especially given the considerable heterogeneity in the immense diversity of individuated lineages
qualifying as members of the species category (De Queiroz 1999, 2007; Haveman 2013; Mayden 2013).
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multitude of species we encounter differ in lineage age and relative divergence. These challenges of
characterizing species are accommodated in the ontological scope of the Evolutionary Species
Concept (ESC) — accounting for geographical variation, clines and sexual dimorphism; wherever this
variation can be quantified using phenotypic and phylogeographical evidence to evaluate the
contiguity, and history, of populations (Frost et al. 1992; Frost & Kluge 1994; Adams 1998, 2001; De
Queiroz 1999, 2005, 2007; Brooks & McLennan 2002; Padial & de la Riva 2010; Naomi 2011; Norris
& Hull 2011; Yeates et al. 2011; Wiley & Lieberman 2011; Haveman 2013; Mayden 2013; Pavlinov

2013).

The epistemological strengths of consilience (cf. Gould 2003) proved fundamental to solving
the species problem; consilience classifies mutually reinforcing facets of evidence into a singular
relationship that resolves the ontology of the species, the real products of evolutionary processes
comprising the Tree of Life (sensu Cracraft 1989; Kluge 1990; Adams 2001; Brooks & McLennan
2002; Wiley & Lieberman 2011). Likewise, it invites those interested in biological conservation
(which, we hope, means all practising biologists) to consider seriously what we aim to conserve; are
these the spurious wide-ranging all-purpose “species” falling into the IUCN “least concern” category,
or the evolutionary species, the units themselves, many of which are likely to be vulnerable or

endangered?

The ability to discover and classify evolutionary species follows from consilient classification
of actual evidence - morphological and molecular (Cotterill 2003a; Wiley & Lieberman 2011;
Haveman 2013; Mayden 2013). As the battery of species discovery methods expands (Wiens 2007,
Yeates et al. 2011; Camargo and Sites 2013), this understanding is enhanced and becomes all the
more important. We call this the Consilient Solution, and apply it to characterize allopatric lineages of
African mammals. The ESC frames operations employing the PSC to compare diagnostic characters
to test whether or not candidate populations represent distinct lineages (Cotterill 2002, 2003a,b,
2005). In taxonomy, such comparisons are contingent on available museum material, and the
available sample of populational variation comprises the hypodigms (Simpson 1940) for respective

taxa underpinning respective taxonomic decisions, as is detailed in G&G. The hypodigms for
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Damaliscus (Cotterill 2003a,b) and the Kobus leche complex (Cotterill 2005, 2006) exemplify how
diagnosable characters test null hypotheses framed by the ESC. In contrast, proposals that promote
delineation of species using thresholds of divergence in delimiting taxa (e.g. Baum 2007; Carstens et
al. 2013) misrepresent a fundamental tenet of the Individuality Thesis. Seeking a nontrivial level of
biologically relevant differentiation — prescribing divergence thresholds to try and define exclusive
groups of organisms — can hide the more cryptic species from discovery; this distinction between
delineation versus discovery is not semantic, because the misinterpretation perpetuates group-
thinking. As expanded on below, group-thinking prescribes restrictive thresholds (only those
populations that meet a threshold in lineage divergence qualify as species), and it also perpetuates the

notions that subspecies are real entities.

Accurate, precise taxonomy organizes our knowledge about the real things causally involved
in evolutionary processes (Ghiselin 2005c), and further promotes discoveries that consolidate and
expand the web of knowledge. In contrast, without such outward flows of consensible’ information,
scattered facts and events remain insignificant until classified into consilient context (Ziman 1978;
Cotterill & Foissner 2010). The veracity of classified taxa recovered in modern systematics reflects on
the actual individuals causally involved in evolutionary processes; their classification is fundamental
toward exploring Earth history, and our understanding expands as we incorporate more evidence of
causal mechanisms (e.g. geological determinants of biogeographical patterns). So this broadening of
knowledge interlinks sciences. This strength of systematics is too rarely acknowledged, especially in
how it enables unforeseen discoveries (unanticipated patterns and mechanisms), where consensible
knowledge is consolidated and refined across sciences. Invariably, ramifications of consensible
knowledge aid and abet surprising, if not radical, discoveries; so it is difficult to overestimate where

and how precise, accurate taxonomies of biodiversity will improve knowledge (Cotterill & Foissner

*In its broad usage, an item of consensible information minimizes obscurity and ambiguity in its meaning,
which is critical if recipients are “either to give it whole-hearted assent or to offer well-founded objections.”
(Ziman 1978:6). In the context of biodiversity characterization, consensible knowledge meets this criterion of
falsibility where real individuals (species and clades) are classified into an accurate, precise taxonomy; and
enable new discoveries through consilient explorations of Earth history. Antithetical examples include fictitious
polytypic species, superspecies, ecotypes and subspecies.
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2010). Moreover, these unprecedented, far reaching demands underwrite critical standards to

minimize taxonomic errors, which, unchecked, exact pernicious costs.

ERRORS IN THE DISCOVERY AND CHARACTERIZATION OF SPECIES

Science strives to minimize ambiguity in its communication — underscoring the important contribution
by Adams (1998), who identified the three categories of error that undermine the precision and
accuracy of taxonomy; Bernardo (2011) has endorsed their importance. Type 1 errors assign the rank
of species to a population that is in reality part of a metapopulation. Type 2 errors erroneously lump
together evolutionarily discrete lineages. Type 3 errors misclassify the relationships among real
species by lumping them into phenetic clusters labelled superspecies or polytypic species (Adams
1998; Cotterill 2003a; Bernardo 2011; Mayden 2013, Fig. 1); this is especially where high levels of
homoplasy and convergent evolution in bovid morphology have proved spectacularly misleading,
when employed to classify populations on criteria of overall similarity (a phenetic methodology).
These three categories of error are more specific than the alpha and beta distinction drawn by Padial et
al. (2010). Under the framework of the Consilient Solution, comparisons of candidate populations aim
to minimize classification errors. Type 2 (underestimates) and Type 3 (misclassifications) errors
misrepresent biodiversity to generate taxonomies with undesirable impacts on scientific knowledge;
these deficiencies in taxonomic accuracy and precision mislead conservation strategy (Cotterill
2003a,b, Fig 1). We agree with the undesirability of Type 1 errors in taxonomy (Kaiser et. al. 2013),
including their potentially negative impacts on conservation policy and actions; and we describe

below how the Consilient Solution minimizes Type 1 errors.

A most remarkable example of Type 3 errors in mammal taxonomy was revealed in the time-
honoured original generic classification of the Tragelaphini (spiral-horned antelopes); G&G (pp 125-
144) employed genetic evidence (Willows-Munro et al. 2005) to rectify these errors, and reclassify
Tragelaphus into four distinct genera (see below). Moreover, just one polytypic species of
“bushbuck” was previously recognized until mtDNA evidence unravelled Type 2 errors, revealing 23

cryptic allopatric lineages, tellingly individuated into respective ecoregions (Moodley & Bruford
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2007; Moodley et al. 2009). Subject to exhaustive revision, G&G provisionally reclassified these
lineages into a minimum of eight evolutionary species, representing two divergent, potentially
paraphyletic Tragelaphus scriptus and T. sylvaticus clades. The challenges entailed in reclassifying

these two clades (the collective “bushbucks”) are by no means an isolated problem.

In summary, we concur with Adams (1998) that too many taxonomies still use species
concepts that produce serious errors. The solution lies in progression “to using the discovery
operations of the PSC to recover the ‘largest integrating lineages’ of the ESC (Frost and Kluge,

1994)." (Adams 1998:14). Type 2 and 3 errors have weakened bovid taxonomy for far too long, but

are now yielding to the Consilient Solution, resolving over a century of misrepresentation (see below).

Correcting this plethora of taxonomic errors is by no means complete, and G&G have taken the first
steps; their evaluation of extant bovid diversity examined unprecedented hypodigms of museum
material. Most importantly, this entailed the long overdue application of the methods of phylogenetic

systematics.

SPECIFIC RESPONSES TO HELLER ET AL.

We now respond to specific criticisms directed at G&G by H&A:

1. “...the excessive splitting of species is unconvincing in many cases...[pg 490]

This statement does not justify why it is unconvincing, because it lacks not only analytical
foundations, but alternative empirical evidence to reject classifications that G&G founded on analyses
of hypodigms. Standard scientific practice revises a taxonomic classification with new and/or
reanalysed evidence (museum collections and/or genomic sequence data). G&G employed such a
hypothesis-testing methodology, evaluating sampled populations in the framework of the ESC. The
Introduction to G&G and Groves (2013) describes how these designations were tested, within the

limits of empirical evidence, including published revisions.

2. “To systematically describe biodiversity, we need criteria to assess what level of character

variability merits species designation. ....where primarily morphological data are available
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and a quantitative model linking character variability to speciation processes is lacking, it is
vital that characters used for species delimitation are otherwise evaluated to ensure that the
term species is reserved to describe a certain level of biologically meaningful diversity” [pg
491]

This statement by H&A is correct, but only if based on a credible ontology of the species
category. To test their reliability in species diagnosis, G&G evaluated specific characters against
available hypodigms. This methodology tests the status of two or more populations against the null
hypothesis that they are conspecific. The validity of taxonomic characters is the outcome of
appraising intra-populational variation, categorised by age-specific variation and sexual dimorphism.
Taxonomic resolution is nevertheless contingent on available samples — ideally the hypodigm
includes all known museum specimens. Ultimately, these analyses should encompass representative
phylogeographic sampling of geographical variation. In its collation of hypodigms, the sampling of

G&G is unprecedented.

3. “Although we support data driven species delimitation, we do not see the biological
Justification of using diagnosability as a proxy in itself without a conceptual or quantitative
framework linking it to speciation processes” [pg 491]

An unfortunate habit of hostile critics is a failure to actually read what the subjects of their

denigration have written. In this case, H&A clearly failed to read the following:
“In essence, a species is ’a lineage . . . evolving separately from others and with its own
evolutionary role and tendencies‘ (Simpson 1961). This is true, in the sense that it says why
species are important in the grand scheme of things (as the units of biodiversity), but it is not
useful when it comes to actually identifying them and discriminating them from each other.
We are in need of an operational definition. One of us has argued extensively (Groves
2001a,b, 2004) that what is known as the Phylogenetic Species Concept (PSC) fills this

need.” [Groves and Grubb 2011: 1 italics added].

10
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Here we read the quintessence of the Consilient Solution; it defines the conceptual framework of
the ESC that accommodates relevant processes of speciation. Most importantly, G&G justify their
usage of diagnosability — employing the PSC to evaluate null hypotheses, and test whether or not
populations qualify as evolutionary species. This epistemology is diametrically opposed to invoking
the BSC or its surrogates, which include the Genealogical Species Concept (GSC) — a lineage defined
by exclusive coalescence of its alleles (Baum 2007), and the Genetic Species Concept (GeSC) —a
lineage with an independent evolutionary fate, in which accumulated genetic changes produce genetic
isolation, so the species exists when the integrity of its gene pool is protected as a consequence of
genetic differences in its genome (Bradley and Baker 2006). All these species criteria delimit
populations as reproductively isolated sets or groups (Hausdorf 2011; Frankham et al. 2012; Zachos et

al 2013a).

4. “This serves as an illustration that PSC [sic] is unsuitable and causes taxonomic inflation. [pg
490]....1t has been shown that such approaches lead to taxonomic inflation, as there is no
lower limit to the resolution of the variability used to partition populations (Avise 2000; Isaac
etal 2004; Zachos et al. 2013)” [pg 490]

Their criticism, like that in Zachos et al. (2013a,b) and Zachos & Lovari (2013), fails to
acknowledge how population thinking underpins the Consilient Solution, especially where the PSC
operationalizes the ESC (see Groves & Grubb 1911:1: “A species is the smallest population or
aggregation of populations...”). Its application is underscored by Hennig’s distinction (1966) between
tokogeny and cladogenesis (Wiley & Lieberman 2011). Groves (2013) has already questioned how
Avise (2000), Isaac et al. (2004) and Zachos et al. (2013a) justify the impression that there is no lower
limit to the partitioning of populations! These three cited papers lack any direct clues. Beyond arm-
waving, all fail to appreciate how characters are evaluated in samples of populations in a population-
thinking framework (cf Wiley and Lieberman 2011). We reiterate that quantification of geographical
variation — and testing for clines - is a tenet of taxonomic practice. This discovery process identifies

species informed by analyses of the hypodigm of museum specimens available for compared taxa.

11
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Where the hypodigm is too limited, we argue, as advocated by Brooks and McLennan (2002), that
insufficient evidence cannot overwrite the Precautionary Principle in conservation decisions.
Characterization of the eleven allopatric species of klipspringers, Oreotragus spp.,
exemplifies how this research strategy classified a species complex of small antelopes whose
distribution is discontinuous, with each species confined to an island of rocky habitat. Diagnostic
characters compared in available museum material of the vicariant populations reveal geographically
isolated lineages with divergent evolutionary histories, and behavioural studies may well be relevant
to an understanding of these (G&G pp. 275-279). Moreover, a preliminary study revealed highly
significant phylogeographical structure among ten of the sampled lineages, but did not include the
West African O. porteousi (Le Roex 2008). It would be hard to explain why Oreotragus speciation is
not similar to that of rupicolous Caprini (see G&G) as characteristic of habitat specialists. Future
research is challenged to test G&G with more thorough geographical sampling of klipspringers and

associated endemics of rocky landscapes.

5. “By basing the bovid section on only one primary source, HMW have disregarded a vast
number of experts in the field (including the current assessment of the bovid species list by the
IUCN).... We urge the IUCN to consider other opinions on bovid taxonomy before making
any changes to their species list.” [pg 491]

Here we extend our response to Criticism 2. It is unclear who these “vast number of experts in the
field” might be, or indeed what they are experts in. Certainly, we know of few who have studied the
available material (in museum collections); on the other hand we do know of vast numbers who have
contributed their own data sets while simply accepting the most recent available taxonomic statements
(usually dating from the middle of the 20™ century), a reasonable position considering the absence of
original material on which to base revisions of their own. G&G, on the other hand, studied original
material, and so are well qualified to offer new taxonomic revisions.

Revealing phylogeographical studies have also contributed materially to our understanding of
interrelationships among African bovids (e.g. Lorenzen et al. 2006, 2007, 2008); and where available
G&G used their contributions and findings in conjunction with their own museum-based datasets to

12
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elucidate evolutionary species. It is precisely these new analyses that inform revision of previous
bovid classifications.

As for the IUCN’s qualification as a body of “experts in the field”, it is pertinent to note that
IUCN’s African Elephant and Rhino Specialist Group has yet to come to terms with the fact that
recognized “experts in the field”, who have indeed studied the available material, recognize two
species of Loxodonta (Grubb et al. 2000; Rohland et al. 2010; Shetty and Vidya 2011), while its
enduring subspecific classification of Diceros bicornis is totally spurious, lacking any material

evidence (Rookmaaker 2011).

6. “traits are not evaluated but are used as long as they are diagnosable...ecotypes or
subspecies have been raised to the level of full species based not on new data, but solely on a
change in the species concept used.” [pg 490]

This claim is simply wrong. To qualify our preceding responses, H&A reveal a failure to
appreciate how G&G analysed unprecedented hypodigms with the explicit aim of evaluating
characters: an intensive investment in data collection from the world’s collections of extant Bovidae
(let alone other Mammalia, see below). In short, the taxonomy of G&G has set a new threshold, by
analysing the breadth and scope of series of specimens in the world’s museums. The reclassification is
underscored by new data, analysed in the theoretical framework of phylogenetic systematics. Groves
(2001a) described this methodology in detail, and it underscores strengths of the Consilient Solution.
Dismissal of this investment reveals poor appreciation of taxonomic methodology, despite it being
well established and described (e.g. Winston 1999; Wiley & Leiberman 2011). To reiterate the

Preface of G&G:

“We do not intend to present this book as a finished proposition. Time and again, we remark that
“more research is necessary’’; we want, above all, to stimulate more taxonomic research on
ungulates. In some cases we have been able to break new ground, and we hope that these
examples will be examined by colleagues and, if found acceptable, used as templates for other

studies.” [Groves and Grubb 2011: vii].

13
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Attempts to retain an error-ridden bovid taxonomy raise poignant questions, not least in how the
paradox of overlooked cryptic diversity contrasts against the reticence of taxonomic conservatives. It
calls for scrutiny of the failures of the popular species concepts that cause Type 2 and 3 taxonomic

€ITOrS.

OPERATIONALISM: THE CRITERIA OF REPRODUCTIVE ISOLATION AND

RECIPROCAL MONOPHYLY FAIL SPECIES DISCOVERY

Contrary to the Consilient Solution, the BSC and equally the GSC and GeSC prescribe a
certain degree of distinctiveness — a delimitation — if a population is to qualify for species status (see
Pastorini et al. 2001; Bradley & Baker 2001; Baker & Bradley 2006; Baum 2007). In so doing they
fail to detect cryptic species (Type 2 errors), and/or misclassify populations (Type 3 errors). Yet, as
diagnosed by de Queiroz (1999, 2007), their popularity (and ironically, their epistemological
weaknesses) lies in three interleaved misconceptions in taxonomic thought and practice that reappear
repeatedly throughout the voluminous species debate: (1) the mistake that one among many secondary
species criteria qualifies as the universal concept of the species category; (2) an inflated faith in one’s
favourite criterion or criteria results in overestimates of its epistemic capabilities and scope; such that
(3) it is under appreciated that some degree of epistemic parochialism afflicts every secondary species
criterion, including the PSC. The complex attributes of “specieshood” explain why no species

criterion alone qualifies as a universal discovery method.

Reproductive isolation has been (and indeed still is by some) ranked supreme as the sine qua
non among criteria distinguishing a population as a species. It is really a proxy, if not a caricature, for
suspected genetic discontinuity between closely related lineages (see Bernardo 2011). Beyond
practicable challenges to obtain scientific evidence to test the criterion, detailed arguments explain
why reproductive isolation fails as the singular determinant of specieshood (Cotterill 2003a; Padial &
de la Riva 2010; Norris & Hull 2011; Pavlinov 2013). Nevertheless, the notion is resurrected in the
species literature: pertinently in the GSC, GeSC and DFSC (see below). Like the BSC itself, these all

impose a subjective cut off; a population only qualifies as a “species” above an arbitrary yardarm of
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genetic divergence. An equally common misconception occurs in applying genomic evidence to
define the ontology of the species category (e.g. Baum 2009) because the topology of the singular
species tree sets inescapable constraints: gene trees can only approximate the topology of the species

tree (Wiley & Lieberman 2011).

The Differential Fitness Species Concept (DFSC), cited as a principal authority in critiques of
G&G (Zachos & Lovari 2013; see also Frankham et al. 2012, further cited by H&A), strongly
advocates the population fitness criterion to evaluate whether an allopatric populations qualifies as a
conservation target. The DFSC defines a species as a group of individuals reciprocally characterized
by features that would have negative fitness effects in other groups and cannot be regularly exchanged
between groups upon contact (Hausdorf 2011); but it suffers from the same weaknesses as the BSC,
GSC and GeSC (not least operationalism), and the DFSC is crippled by its attempt to avoid using the
population to define the ontology of the species category.

Errors in bovid classification reveal how all these species criteria overlook important
categories of species, not least morphologically similar lineages (i.e. cryptic species) that have
experienced episodes of introgression and/or retain ancestral polymorphisms. Adherence to
reproductive isolation, reciprocal monophyly or population fitness as preeminent criteria for
specieshood invariably overlooks lineages represented by allopatric populations (cf Nadler 2002;
Cotterill 2003a, 2006; Norris and Hull 2011).

Populations that fail to meet strictures of a criterion (only accepting purported species above
its threshold) are relegated to conspecific status, and frequently classified as subspecies or
Evolutionary Significant Units (ESU). Whether or not explicitly defined as subgroups within a
polytypic species, the belief that subspecies and ecotypes have an ontological reality continues to
persist (not least under the GeSC) without asking the question: ‘what justifies membership of a
distinct ontological category, distinct from that occupied by species?” An allied mistake by Bennett
(2013) similarly misunderstands the Individuality Thesis - arguing that species only exist in the

present but that their antecedent lineages are entirely different entities.
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The Consilient Solution resolves this subjectivity. It overcomes challenges encountered in
classifying speciated lineages of different ages; each lineage has a heterogeneous history shaped
through its unique context of tokogenic descent. In contrast, if ecotypes or subspecies do indeed exist
as autonomous lineages — thus comprising a recognizable category in the economy of nature — then
how do they differ from those lineages individuated into species? Their usage in any convenience
category does not preclude their failure to fit them into classifications of individuated phyla. This
question reveals why notions of subspecific entities do not correspond to real entities (Cotterill
2003a,b). Some biologists might well wish the nature of biodiversity shaped by Earth history does not

present such mordant challenges.

We agree with Padial & de la Riva (2010) that insistence on operationalism motivates the futile
search for the “golden species concept”. Despite the reality that each species discovery method has
finite constraints (Adams 1998, 2001; De Queiroz 1999, 2005, 2007; Haveman 2013; Mayden 2013),
ignorance or abuse of these constraints continues to inject problems of extreme operationalism into
taxonomy (Hull 1968; Johnson 1970; Frost & Kluge 1994; Wiley & Lieberman 2011). Unjustifiable
claims for the BSC, DFSC, GeSC and GSC share the same subjective weakness that: "...the
operational point of view depends for what success it does have on the very element of science which
it is designed to eliminate. Operation[al]ism was intended as a cathartic to purge physics of all non-
empirical wastes, but it proved to be so strong that the viscera were eliminated as well." (D.L. Hull
1968:440 italics his). Unfortunately, it still undermines comparative biology, because too few seem
cognisant of how modern systematics was shaped by classic rebuttals of operationalism (Hull 1968;

Johnson 1970).

In summary, notwithstanding the inability of the criterion of reproductive isolation to define
the quintessence of the species category, its popularity propagates mistaken beliefs: only
reproductively isolated populations qualify as species, and/or sister populations must qualify against
criteria of genetic divergence to be species. Equally, the lack of practicable evidence for reproductive
isolation leads to unsubstantiated taxonomic decisions. Leaps of faith replace direct tests. Thus, a high

incidence of Type 2 and 3 errors still undermines ungulate taxonomy, especially where the test for
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species membership invokes subjective inferences of overall similarity. Such interpretations of
biological patterns perpetuate the philosophy and methods of phenetics, discredited decades back

(Brooks & McLennan 2002; Wiley & Lieberman 2011).

THE SCIENTIFIC POVERTY OF TAXONOMIC CONSERVATISM

We now scrutinize the credentials of the argument that “taxonomic inflation” has pejorative
impacts (promoted by Isaac et al. 2004), especially given its high literature profile (with attendant
bibiliometric inflation). Criticisms of G&G argued that inflated species counts result from elevating
subspecies to species status in the absence of revision (!) but they instead endorse “expert decisions”
to inform conservation policy. Will political decisions by expert committees replace real taxonomy?
Carried to the extreme, taxonomic conservatism suppresses the quest for new evidence. What superior
knowledge of biodiversity shapes this brave new world, freed of phylogenetic systematics? Does the
idea of minimizing “taxonomic inflation” possess any credibility to justify suppressing precise,

accurate knowledge of biodiversity?

Condemning perceived “taxonomic inflation” in the long overdue reclassification of the
Bovidae typifies the response of quasi-taxonomic conservatives (e.g. Collar 2007; Rosenberger 2012)
to progressive taxonomic revisions (e.g. Groves 2001a; Navarro-Sigiienza & Peterson 2004; Peterson
2006). Remarkably, taxonomic conservatism is touted as an important principle of conservation
policy, despite disquieting evidence that its taxonomic errors exact negative impacts on conservation.
Accelerating discoveries of cryptic diversity unnerve conservative traditions in taxonomy and
conservation biology, as testified in critiques of the very concept of cryptic species (Bernardo 2011).
Cryptic species still awaiting discovery are either overlooked, or dismissed as “subspecies”. How
many more will join the ranks of the extinct — not only bovids such as Roberts’ lechwe Kobus
robertsi, but also Niger Delta pygmy hippopotamus Choeropsis heslopi, Western black rhinoceros

Diceros longipes and Northern white rhinoceros Ceratotherium cottoni (Gippoliti et al. 2013)?

Sangster (2009) evaluated the role of empirical evidence in taxonomic revisions, based on

conclusions from a meticulous analysis of the characterization of new avian species recognized since
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1950; of 747 proposals, new taxonomic data supported 84.6% of newly recognized species. Moreover,
63.4% of these newly recognized species were not based exclusively on PSC-based criteria (Sangster
2009). Alongside benefits of new technologies and intensive researcher effort, Padial and de la Riva
(2006) concluded that increases in newly recognized species reflect the long-delayed adoption of an

evolutionary classification shaped by phylogenetic systematics.

Critical reading of Isaac et al. (2004) reveals that two axioms of taxonomy — both obsolete -
underwrite the belief that a taxonomy can be “inflated” by deleterious Type 1 errors. One sets
reproductive isolation as the criterion that qualifies a population as a species; the second believes that
a trinomial taxonomy yields a precise and accurate classification of biodiversity (in reality Type 2 and
3 errors hamstring trinomial classifications). Both highlight the ontological distinction between
classifying non-historical groups versus individuated lineages. In preserving deficiencies of the
obsolete BSC and its proxies, the belief that taxonomic stability is a paramount requirement for
conservation policy countermands strengths of the research programme of phylogenetic systematics,
and discards the Consilient Solution as the optimal scientific procedure to discover and characterize
organismal biodiversity. Is purported morpho-similarity of populations the superior method over one

that diagnoses individuated lineages?

It is further unclear how taxonomic conservatism can coexist with increasing usage of
phylogenetic distinctiveness to inform conservation planning. Maximizing precision in species
characterization confers a fundamental strength on the spatial resolution of biodiversity mapping, and
quantifies the geospatial attributes of complementarity, representation and uniqueness (King 2009;
Collen et al. 2011; Rosauer & Mooers 2013), and this is where evolutionary lineages reveal hotspots
of endemism and vibrant speciation. In this respect, G&G recovered indicator species that flag the
significance of several biodiversity hotspots across Africa (e.g. Serengeti-Mara, Luangwa Valley,
western Chad). Molecular dating of speciation events in all these bovids will further refine our

knowledge of these conservation targets.
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In contrast, a “stable taxonomy” obscures attempts to reconstruct Earth history. Error-ridden
taxonomies confer far reaching costs where real individual species (populational lineages) are
misclassified into artificial groups. This weakens the ability to map biodiversity in explicit spatio-
temporal detail, and exemplifies how taxonomic errors curtail consensibility to mislead and even
prevent communication of knowledge, and its derived applications in science. Ironically, these
deficiencies undermine the self-proclaimed goal of taxonomic conservatism — to facilitate “universal
communication” in biology! The profound distinction between the old versus modern systematics is
the ability to foster discoveries of biodiversity that expand, and simultaneously refine, knowledge

across science.

Equally, scientific propositions must be testable. We remind Frankham et al. (2012), Heller et
al. (2013), Zachos et al. (2013a,b) and Zachos & Lovari (2013) that the singular advantage of the PSC
in operationalizing the ESC is the testability of its propositions; assess the available evidence and
amass further evidence to refute the multi-species hypothesis of klipspringers, as for any other
organisms. This arm-waving about “taxonomic inflation” is founded on naive operationalism and

worse (Gippoliti et al. 2013).

The idea of “taxonomic inflation” undermines biology. We concur with Bernardo (2011) who
concluded that when one acknowledges the realities of characterizing biodiversity with minimal error,
the mandate to minimize “taxonomic inflation” lacks scientific credibility. It repeats the eclipse of
evolutionary history from comparative biology (Brooks & McLennan 2002), and ignoring tree-
thinking will set science back by decades; at worst, classifications shaped by political demands
subjugate discoveries of real species. Yet these arguments raise important questions; why subjugate
robust science (i.e. the Consilient Solution), and maintain an obsolete classification of large
mammals? What causes the reality of cryptic diversity to be widely misconstrued, and worse,

suppressed?

REMARKABLE PERSISTANCE OF A FOLK TAXONOMY
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Prior to the revision by G&G, the taxonomy of the Bovidae stabilized after Ellerman et al.
(1953) with little change by Ansell (1972), nor even by Grubb (2005), who saw his responsibility as
being to reflect the most recent taxonomic revisions. In short, bovid taxonomy lapsed into a state of
torpor: highlighting the desperate need for updating (P. Grubb pers. comm.). We suggest the reasons
lie in ambiguous relationships between the species concepts and empirical evidence applied to classify
these large mammals. Persistence of trinomials is symptomatic of this torpor, because there was

scarcely any critical reappraisal of the status of the diversity they attempt to classify.

Few, if any, of the inaugural classifications of the Bovidae stated their underlying taxonomic
philosophy; nevertheless it is clear that they used a morphological species concept (MSC). This is
exemplified in treatments of allopatric populations of antelopes, which applied observations of
perceived overall similarity as the criterion to recognize polytypic species; this lumping into
morphospecies is evident in Ellerman et al. (1953) even though they endorsed the polytypic BSC. It is
the unambiguous morphotypes that qualified as species, almost invariably inclusive of two or more
subspecies. The BSC was cited in the belief that a lack of reproductive isolation (suspected not tested)
explained geographically widespread morphotypes. In reality, phenetics substituted for the BSC.
Evaluation of these populations had to await analyses by G&G, comparing hypodigms that had taken
several decades to collate from the respective specimens scattered amongst the world’s museums.
Thus, prior to application of the Consilient Solution, taxonomy of the Bovidae relied on a subjective

overall similarity to delimit a “species” and its apparent conspecific populations.

To date, this explanation does not appear to have received formal recognition to explain the
taxonomic errors that have misclassified many species complexes of bovids for far too long. It can be
formally stated as the Phenetic Hypothesis. A complex of cryptic species of large mammals are
classified subjectively into a single morphospecies, where the high degree of apparent morphological
similarity between its allopatric populations was invoked as evidence for how rampant trans-
continental gene flow could shape a widespread morphotype. Tacit belief in this apparently ubiquitous
pattern explains how geographical isolates have actually been classified as subspecies or ecotypes.

Invoking the currency of the polytypic BSC, geographical representatives of the morphospecies are
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simply labelled as variants of the familiar typological model. Widespread subscription to the Phenetic
hypothesis — rarely if ever articulated — maintains a persistent dogma. This has persistently shaped
large mammal classification and its usage; moreover, criticisms of G&G implicitly invoke the
Phenetic hypothesis (e.g. that there is only one species of “klipspringer”). In practice, the
identification of species boundaries has continued to rely on phenetic evidence (subjective similarity)
as the proxy to invoke the existence of reproductive isolation (Corbet 1997; Gippoliti & Groves 2012;
Gippoliti et al. 2013). For example, the combined evidence of allopatric distributions and overall
similarity of topis, korrigum and tsessebes had justified classifying them all as subspecies of
Damaliscus lunatus (Cotterill 2003a,b). On phenetic criteria, all populations of klipspringers
(Oreotragus oreotragus), wildebeests (Connochaetes taurinus) (albeit distinct from C. gnou, which is,
however, quite capable of introgression with C. taurinus) and hartebeests (Alcelaphus buselaphus)
comprise in each case a single polytypic “species”, simply because they look somewhat similar
(Zachos et al. 2013a). A proxy of the many pervasive errors in bovid classification is obtained by
comparing the taxonomy of G&G against the distribution maps in Kingdon & Hoffman (2013),
mostly prepared before the publication of G&G. To revisit our earlier example of Type 3 errors in the
Tragelaphini, the notion that “Lesser” and “Greater” kudu are sister “species” illustrates how the
Phenetic Hypothesis fosters remarkable errors. G&G reclassify these lineages into distinct genera as

the Ammelaphus imberbis and Strepsiceros strepsiceros species complexes, respectively.

This situation raises the equally important question - why was the reappraisal of ungulate
diversity by G&G so delayed? Moreover, why does it incite such antagonism? A paradoxical naivety,

if not ignorance, of the persistent dogma underlies neglect of large mammal taxonomy:

“In most biota, ungulates are among the most visible fauna on the landscape. In national parks
they are readily spotted and much admired by visitors, and it is easy to assume that because
these animals are so familiar, everything is known about them, especially how many species
there are. Such an assumption would be wrong. Mammalogists expect diversity among small
mammals, and seek it out, but they have grown used to accepting that larger ones, because

they are thought to be highly mobile (and indeed they may be), are bound to be much less
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diverse and thus will yield up less information about ecosystems, biogeography, and so on.”

[Groves and Grubb 2011: vii].

Furthermore, a first-order observation reveals that recognized species of Bovidae (Ansell 1972; Grubb
2005) are matched with few exceptions by the local names for extant antelopes in a maximum total of
46 indigenous African languages sampled. This comprises one language for Botswana (Smithers
1971) and two for Zimbabwe (Kenmuir & Williams 1975), and local names for respective species
vary between 10-28 languages across Kenya, Tanzania and Uganda (Kingdon 1982) and 4-15 in
Zambia (Ansell 1978); so the totals of local names differ between species, contingent on distributions

of antelope populations relative to ethnic boundaries.

Such typological congruence raises interesting questions about the origins of scientific
classification, especially where Taxonomic Conservatives do not acknowledge that large mammals
classifications, which they seek to preserve, have scarcely advanced in over a century since first
monographed. This state of torpor seems to be bound up in the Phenetic Hypothesis. We attribute this
typological congruence between vernacular names and the obsolete scientific taxonomy of the
Bovidae to the persistence of a folk taxonomy (cf Atran 1990; Yoon 2011). This folk taxonomy was
likely invaluable to local hunter-gatherers, and may indeed supply contemporary society with
sufficient, albeit superficial knowledge (such as field guides). Prior to G&G, we conclude the BSC
was used primarily as a convenient moniker to lump allopatric populations of large mammals into

respective morphospecies (comprising a high proportion of imaginary taxa).

Remarkably, a vociferous lobby continues to invoke subjective morphological resemblance to
delimit, and especially to lump, individuated lineages of bovids into fictitious taxa, at the cost of
ignoring real species. The Phenetic Hypothesis provides a plausible explanation for this predicament
in mammalogy that undermines the consilience of comparative biology. Defended by no shortage of
prominent biologists, the time-honoured bovid classification is founded on what amounts to little
more than untested myths; some have persisted for decades. They could indeed be ancient. This quaint

typological classification of large mammal diversity continues to dominate both mammalogy and
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conservation biology. Unfortunately, it maintains a plethora of Type 2 and 3 errors. Will subscription
to a phenetic taxonomy (which has remained largely untested for decades) continue to underestimate

and misclassify knowledge of the real diversity of the Bovidae into the 21% century?

IMPROVED THEORY OR EVIDENCE?

In science, the way forward to improve biodiversity knowledge, and resolve uncertainty, is to
replace obsolete concepts, theory and methods, and/or improve empirical evidence. These are the
axioms that guide and shape taxonomic revision. Critiques of G&G have failed to present any credible
alternative to replace its theoretical foundations. This situation recalls the thoughtful review of
Ellerman et al. (1953) that: “Time, additional specimens, and more comparisons, will test their
classification” (Handley 1954:461). The urgent priority is to resolve glaring knowledge gaps, and
especially sample populations of bovids poorly represented in collections. Persisting neglect of
museum focused research on large mammals further compounds these collecting gaps. An expanding
century of neglect of large mammal taxonomy also stands as harsh testimony to impacts of the
Taxonomic Impediment (as defined by Hoagland 1996) on science and conservation.

The logical solution lies in reviving taxonomy, in which there has been too little investment
for far too long. No shortcut suffices. This argument for increased investment in primary taxonomy is
strengthened, when we recognize how order-of-magnitude increases in sample sizes in recent
revisions discovered several previously unrecognized species; this is a positive outcome of
comprehensive revisions sampling collections that were previously overlooked, neglected and/or
studied in isolation (Gippoliti & Groves 2012). Not least, unprecedented sampling of existing
specimens underpins the timely revision published in G&G: over a collective eight decades of
researching museum collections, their research entailed repeated visits by both authors to work out
material that by its very nature is nearly impossible to loan. This testifies to the remarkable dedication
of Peter Grubb (1942-2006), who sadly did not live to see publication of the greater portion of a
lifetime of work; and we highlight the rediscovery of the long-forgotten Somali warthog in his

revision of Phacocoerus (d’Huart & Grubb 2001; Grubb & d’Huart 2010); reinstatement of P.
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delamerei (whose close ally, P. aethiopicus, was shown to be historically extinct in South Africa)
ranks as a major advance in African mammalogy.

G&G is not and was explicitly never intended to be the final word, especially given the gaps
in museum representation. The state of knowledge of ungulate taxonomy underscores the urgency to
catalyse taxonomic revision, yet the plethora of taxonomic problems reveals that there are far too few
taxonomists to carry out intensive revisions. We reiterate the call by G&G for committed support to
reinvigorate this research. Unfortunately, too few biologists responded to pleas (Harrison Matthews
1954; Ansell 1958a,b) to where possible exploit opportunities to preserve museum specimens from
bovid populations before their extirpation across Africa, and so improve museum collections; indeed,
reactivating and fulfilling this quest will likely identify, and mitigate extirpation of restricted-range
taxa - especially cryptic species. Deficient knowledge calls for long overdue investment in museum

collections, and allied genomic research; nothing less than unprecedented investment in primary,

idiographic research in natural history will do (Brooks & McLennan 2002; Cotterill & Foissner 2010).

Elucidating the real diversity of the Bovidae requires much more work, in the field, museum and
laboratory. Integrative taxonomy is challenged to collate and analyse key morphological and genetic
evidence at biogeographical scales sufficiently fine to reappraise geographical variation, and seek out
undiscovered cryptic species. It already appears too late for many victims of taxonomic errors; some
cryptic species of African mammals classified as “subspecies” are destined to remain unknown, but
pertinent voucher specimens, if preserved, will continue to reveal where taxonomic conservatism
failed. The new age of discovery is realizing remarkable opportunities in genomics to genotype
museum specimens (Helgen 2011; Guschanski et al. 2013), and it underscores the fundamental roles

and values of tentelic’ evidence in science (Cotterill 1999, 2003a).

CONCLUSIONS

* Tentelic’ means “holding together a web”’, describing how a preserved specimen anchors consensible
information. Specimens have a core epistemological role in science as tentelic tokens of verifiable information;
the veracity of a particular item of knowledge causally relates to the existence and provenance of voucher
specimens, and their other affinities with the real world. Specimen preservation enables independent checks
of these attributes. Specimens preserve knowledge. These curated materials of reputable fidelity and integrity
will be available to future technologies yet to be developed (Cotterill & Foissner 2010).
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“The notion that classification is based on similarity is an epistemological myth, and one that
could only be corrected by ontological considerations. It was evolutionary theory, with its
historical ontology, that led Darwin to reject that notion altogether and insist that classification be
strictly genealogical.” (M.T. Ghiselin 2005c:168)

The Phenetic Hypothesis is mythology. Belief in polytypic species of bovids faces a dilemma;
systematics discarded phenetics long ago. If subspecies and polytypic species are real, then how does
one characterize them objectively? A pervasive belief in their ontological reality has weakened
comparative biology for far too long. The Individuality Thesis structures the complementary threads
of evidence explaining why there are at least twice as many species of Bovidae, over and above those
traditionally recognized. G&G has undertaken the first comprehensive evaluation of Bovidae
diversity; the empirical evidence is unprecedented in hypodigms compared. A significant contribution
to mammalogy, it implements modern theory and methods of systematics to minimize taxonomic
errors; the ontological and epistemological linkages that empower this approach shape the Consilient
Solution, and provide straightforward guidelines to discover evolutionary species.

One might expect 21¥-century scientists, especially conservation biologists, to put this long
overdue revision of the ungulates to work. Instead, rejecting G&G, defenders of a folk taxonomy
preserve taxonomic errors, and so weaken conservation biology, especially its capacity for scientific
decisions. This is doubly counterproductive, given how the realities of bovid taxonomy present
austere challenges, poorly appreciated in conservation policy. We agree that the notion of “taxonomic
inflation” is a political reaction to science moving beyond non-historical characterizations of
biodiversity. Subjugating progress toward robust knowledge, taxonomic conservatism treats the
taxonomy as an artefact, subservient to priorities of information management. The pursuit of
taxonomic stability employs weak science, in the obsession to purge “inflated” taxonomies.
Arguments invoking “taxonomic inflation” perpetuate the eclipse of evolutionary history from
biology, to overlook cryptic diversity, and detract from taxonomic accuracy and precision. Although
reproductive isolation of bovid “species” has been inferred, in practice the phenetic criterion of
overall similarity delimits polytypic species, in decisions invariably entailing pure guesswork. The
species discovery operations that inform objective biodiversity characterization cannot use the BSC,
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MSC, GeSC, GSC nor DFSC; dismissals of the PSC cannot provide an alternative epistemology that
minimizes errors in species discovery.

Scientific tenets of the Individuality Thesis appear conspicuously underrepresented, if not
ignored, in parts of mammalogy and conservation biology. This is strange. Catalysed by cladistics,
tree thinking was adopted rapidly through the 1980s, and continues to empower increasingly powerful
advances, abetting no end of surprising discoveries of biodiversity. Underpinned by the Individuality
Thesis, systematic biology has occupied the fulcrum of this revolution, propagating progress toward
the interdisciplinary synthesis of knowledge of biodiversity and Earth history. Growth of tree-thinking
continues to overturn a plethora of misclassifications of Life’s diversity; these correct many
taxonomic errors grounded in mythology (cf. Nee 2005), not least the Great Chain of Being.

Nevertheless, future generations will rightly be bemused at why it took so long before
phylogenetic systematics began to classify biodiversity in a whole new light, and revolutionized
comparative biology. Future pedagogy will illustrate this history with a bizarre example from the
biodiversity crisis; its explanation of the protracted delay in realizing the Darwinian Revolution will
recount how badly phenetics misled biology. Notwithstanding reconstructions of the Tree of Life,
group-thinking persisted in the shape of pheneticism into the 21* century - in cul-de-sacs of self-
deception that had pernicious impacts. Future textbooks will reveal that although a folk taxonomy of
the large mammals, in all respects prehistoric, served our hominin ancestors perfectly well, it deceived
zoologists for centuries after the Scientific Enlightenment. Obsolete ideas about species, subspecies
and operationalism weakened theory, so suppression of “taxonomic inflation” suppressed knowledge
of cryptic diversity. Bad taxonomy misinformed conservation biology. Overlooked and unrecognized
species of ungulates were hardest hit. As tropical wilderness dwindled through the Anthropocene, a
deficient taxonomy aided and abetted megafaunal extinctions.

Today, many years after 1859, the real evolutionary diversity of large mammals is finally
being revealed. In the age of genomics, with tree-thinking as its keystone, phylogenetic systematics
impels the revitalized Natural History. It is opening up and opening out to reshape the entirety of
biology; this unfurling revolution ratchets across each life science - irrevocably - as we reconcile with
the realities of the Individuality Thesis.
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a) Based on available information, the correct taxonomy depicting - from left to right - seven evolutionary
species of forest duikers: Ader’s adersi (ade), Black-fronted nigrifrons (ni) and Hook’s hooki (ho), Harvey’s
harveyi (ha), Natal red natalensis (na) including Robert’s robertsi (ro) as a synonym, Peters’ callipygus (cal),
and Ruwenzori red rubidus (rub), applying phylogenetic relationships from Jansen Van Vuuren & Robinson
(2001). The Mt Kenya duiker C. hooki is added to this classification on the assumption that it is a sister species

of C. nigrifrons, but the distinct Mt Elgon red duiker C. fosteri is not shown (Groves and Grubb 2011).

b) Type I error (Too many species), with robertsi and natalensis split into artificial species. An error most likely
when a Phylogenetic Species Concept (PSC) is used as a criterion to discover evolutionary species; but in this

case, it wrongly splits one heterogeneous species into two. Taxonomic precision suffers.

¢) Two examples of Type II error (Too few species): one polytypic species “natalensis” lumps natalensis,
robertsi, harveyi, and rubidus; the second biological species “nigrifrons” comprises hooki and nigrifrons.
Taxonomic precision is reduced radically in this case. Evolutionary relationships are arbitrary, as they are tacitly
assumed to reflect overall resemblance. This incorrect taxonomy further risks creating chimeras, as when one
author obtains a mtDNA sequence from nigrifrons, another obtains a nDNA sample from hooki, and both get

incorporated into GenBank under the rubric “nigrifrons”.

d) Type III errors (Incorrect depiction of evolutionary histories). The evolutionary relationships of these duikers
is not only ignored, but misconstrued by the BSC, which obviates insights into phylogenetic relationships
among taxa, which are lumped into species groups, or superspecies. The superspecies illustrated here, proposed
by Ansell (1972), lumps together [adersi-callipygus-“natalensis”] to compound Type II errors. Adherence to the
superspecies concept perpetuates the mistaken belief that adersi, callipygus, and “natalensis” are closely related
allospecies. The taxonomic errors in this example are exceeded in the lumping of all bushbucks into a single
polytypic species Tragelaphus scriptus, which comprises at least eight species in the scriptus and sylvaticus

clades (Groves and Grubb 2011).
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Correct Taxonomy

Type Il Errors Type lll Errors
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Figure 1. The three main categories of errors in taxonomies — modified from Cotterill (2003a) with graphics
derived from Kingdon (1997); and see Adams (1998) and Bernardo (2011) for detailed discussion of errors
that afflict characterizations of biodiversity where species are wrongly described and classified. Differing
classifications of selected taxa of duikers (Cephalophus spp.) illustrate three categories of taxonomic error:
a) Based on the best information available, the correct taxonomy depicting - from left to right - seven
evolutionary species of forest duikers: Ader’s adersi (ade), Black-fronted nigrifrons (ni) and Hook’s hooki
(ho), Harvey’s harveyi (ha), Natal red natalensis (na) including Robert’s robertsi (ro) as a synonym, Peter’s
callipygus (cal), and Ruwenzori red rubidus (rub). These phylogenetic relationships are based on Jansen Van
Vuuren & Robinson (2001). C. hooki is added to this classification on the assumption that it is a sister
species of C. nigrifrons (Groves and Grubb 2011).

b) Type I error (Too many species), with robertsi and natalensis split into artificial species. An error most
likely when a Phylogenetic Species Concept (PSC) is used as a criterion to discover evolutionary species; but
in this case, it wrongly splits one heterogeneous species into two. Taxonomic precision suffers.

c) Two examples of Type II error (Too few species): one polytypic species “natalensis” lumps natalensis,
robertsi, harveyi, and rubidus; the second biological species “nigrifrons” comprises hooki and nigrifrons.
Taxonomic precision is reduced radically in this case. Evolutionary relationships are arbitrary, as they are
tacitly assumed on overall resemblance; so this taxonomy is also incorrect.

d) Type III errors (Incorrect depiction of evolutionary histories). The evolutionary relationships of these
duikers is not only ignored, but misconstrued by the BSC. This figure and also Fig. 4c illustrate how
adherence to the BSC obviates any insights into phylogenetic relationships among taxa, which are lumped
into species groups, or superspecies. The superspecies illustrated here, proposed by Ansell (1972), lumps
together [adersi-callipygus-"natalensis”]. Here, the superspecies concept compounds Type II errors.
Adherence to the superspecies concept perpetuates the mistaken belief that adersi, callipygus, and
“natalensis” are closely related allospecies. This taxonomy is highly incorrect, but is exceeded in the lumping
of all bushbucks into a single polytypic species Tragelaphus scriptus, which comprises at least eight species
in the scriptus and sylvaticus clades (Groves and Grubb 2011).
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