BIOLOGICAL

Journal . s

of London SRt S

Biological Journal of the Linnean Society, 2016, 117, 165-176. With 2 figures.

REVIEW

Lineages, splits and divergence challenge whether the
terms anagenesis and cladogenesis are necessary
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Using the framework of evolutionary lineages to separate the process of evolution and classification of species, we
observe that ‘anagenesis’ and ‘cladogenesis’ are unnecessary terms. The terms have changed significantly in
meaning over time, and current usage is inconsistent and vague across many different disciplines. The most
popular definition of cladogenesis is the splitting of evolutionary lineages (cessation of gene flow), whereas
anagenesis is evolutionary change between splits. Cladogenesis (and lineage-splitting) is also regularly made
synonymous with speciation. This definition is misleading as lineage-splitting is prolific during evolution and
because palaeontological studies provide no direct estimate of gene flow. The terms also fail to incorporate
speciation without being arbitrary or relative, and the focus upon lineage-splitting ignores the importance of
divergence, hybridization, extinction and informative value (i.e. what is helpful to describe as a taxon) for species
classification. We conclude and demonstrate that evolution and species diversity can be considered with greater
clarity using simpler, more transparent terms than anagenesis and cladogenesis. Describing evolution and
taxonomic classification can be straightforward, and there is no need to ‘make words mean so many different
things’. © 2015 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, 117, 165-176.

ADDITIONAL KEYWORDS: anagenetic — cladogenetic — evolutionary lineage — macroevolution —
microevolution — paleontology — phylogenetics — speciation — species — splitting.
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In this review, we assess the terms ‘anagenesis’ and 1998, 2007; Sites & Marshall, 2003; Podani, 2013;
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reality of evolutionary lineages (see discussion
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A

Figure 1. Yarn as a metaphor for evolutionary lineages:
lineage-splitting and splitting hairs. A, a piece of yarn repre-
sents an evolutionary lineage (yellow L). Like evolutionary
lineages, yarn is continuous and consists of many fibres. In
both, splits can be identified (red asterisks). The origin of
each piece of yarn in the tangled ball of wool represents the
unknown common ancestry of lineages as we move back-
ward in time. Many lineage-splits are also missed due to
extinction (orange asterisks). B, particular segments of lin-
eages can be classified as species (green Sp, purple lines rep-
resenting temporal boundaries of segments), relative to the
studied organism, the availability of data and the hypothe-
ses under investigation. Segments of lineages can also be
classified as subspecies or varieties (green Ssp), or consoli-
dated as intraspecific variation (unlabelled lineages follow-
ing the designation of a species). The assignment of these
taxonomic categories is arbitrary as the size and scale of seg-
ments varies. Not all lineage-splits are classified as specia-
tion (cyan asterisk), and species classifications based on
ancestral and derived difference without evidence of lin-
eage-splitting (e.g. chronospecies) do not invoke a discrete
speciation event. Species may be described based on limited
fossil evidence (blue Sp), because variation is novel or of
interest, even when there is limited knowledge of the lineage
to which it belongs. C, depending upon the scale of observa-
tion (limited by the availability of data such as zoom and res-
olution in photography or sampling in biology) further
lineages (fibres) and splits (lineage-splits) can be identified.
Many lineages do not persist for a significant length of time
and either go extinct or hybridize with the original lineage.
D, lineages are made up of individuals within populations
and hybridization can unite populations (pieces of yarn that
split may recombine soon thereafter). Differentiating lin-
eages (fibres) is easier when divergence has followed a lin-
eage-split.

conflicting species concepts, such as those based on
reproduction or morphology, become compatible
through accommodation of the evolutionary process

(Wei, 1987; de Queiroz, 1998; Cohan, 2002; Cutter,
2013; Ezard, Thomas & Purvis, 2013; Podani, 2013;
White, 2013).

Importantly the lineage perspective helps us recon-
sider the process of evolution over long time periods.
For instance, because evolutionary lineages are
continuous in time, those lineages represented by taxo-
nomic units such as species can be subdivided into fur-
ther lineages that reflect classification of subspecies,
varieties or metapopulations that encompass intraspeci-
fic variation (Mallet, 2008a; Dynesius & Jansson, 2014).
This emphasizes that there is no break in the process of
evolution from the lineages studied using population
genetics (‘microevolution’) and the lines of descent stud-
ied during ‘macroevolutionary’ research (Barraclough &
Nee, 2001; Crampton & Gale, 2005; Cutter, 2013). Like-
wise, the fact that there is no convenient origination
point (aside from the origin of life) to which a lineage
can be traced reminds us that our ‘start point’ for any
investigation of a species, population or a fossil contin-
uum is itself an arbitrary date along a line of descent
(Ezard et al., 2012).

The evolutionary lineage perspective, with species
acknowledged as arbitrary partitions, also allows us to
disentangle the different concepts commonly consid-
ered under speciation (follow Fig. 1). ‘Divergence’ is
the accumulation of genetic or phenotypic differences
among evolutionary lineages over time that results in
distinct variation (Abbott et al., 2013; Seetre, 2013;
Dynesius & Jansson, 2014). Divergence is simply a
temporal function recording the inevitable change
that accrues between partitioned groups of individu-
als. It results in genetic and phenotypic difference
(measured as diversity or distance), typically esti-
mated at the tips of branches in phylogenetic trees.
‘Lineage-splitting’ (or lineage-branching) is defined by
the cessation of gene flow between groups of individu-
als, and therefore it marks the division of an evolu-
tionary lineage into two or more further lineages
(Dynesius & dJansson, 2014). Importantly, splitting
does not guarantee divergence between lineages
(Heelemann et al., 2014), although increased diver-
gence can be facilitated by reduced gene flow. Diver-
gence is studied using lines of descent through time
(lineages), but it is not defined by lineage-splitting. A
reproductively isolated population can be a represen-
tative sample of the original metapopulation, and like-
wise a connected population within a metapopulation
may be highly divergent. ‘Hybridization’ (or reticula-
tion) is the inverse process of splitting, where gene
flow is re-established between lineages intermittently
or permanently (see Fig. 1D).

‘Speciation’, like ‘species’, is an arbitrary taxo-
nomic classification of the evolutionary process. ‘Spe-
ciation’ refers to an arbitrarily selected lineage-split
that is deemed to represent the birth of a new
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species. It is arbitrary because the identification of a
new species depends upon particular diagnostic
thresholds (relative to organisms, scale of observa-
tion, data, etc.), which inherently depends upon
divergence rather than splitting. Species origination
is an epistemological dilemma — is a species classified
when a lineage is distinct (but not necessarily sepa-
rated by gene flow), or when a lineage is separate
(but not necessarily distinct)? If a population is mor-
phologically derived with respect to its ancestral pop-
ulation, should it be classified as a separate species
based on such difference even if lineage-splitting is
not evident? The fact that the answer differs
between investigations reflects that the choice is ulti-
mately subjective. So, ‘divergence’ is an increase in
difference among evolutionary lineages, ‘splitting’ is
the cessation of gene flow between lineages, and ‘speci-
ation’ is the origination of a new species that ideally
reflects both divergence and splitting. Divergence and
splitting directly describe empirical change among
evolutionary lineages, whereas species and speciation
are ad hoc classifications applied to interpret the pro-
cess (see difference between Fig. 1A, B).

The distinction of process and interpretation is
advantageous as it recognizes, along with traditional
splitting and divergent factors such as isolation and
niche separation (Barraclough & Nee, 2001; Mallet,
2008b; Maan & Seehausen, 2011), that hybridization
of lineages below the species level affects rates of spe-
cies formation (Abbott et al., 2013; Dynesius & Jans-
son, 2014). The distinction also reminds us that there
is no inherent reason why an increase in the diver-
gence rate, or the molecular evolutionary rate, should
incur an increase in the speciation rate (Pennell, Har-
mon & Uyeda, 2014b). Although there may be a posi-
tive correlation between these rates (Webster, Payne
& Pagel, 2003; Lanfear et al., 2010; Dowle, Morgan-
Richards & Trewick, 2013; Venditti & Pagel, 2014), a
split can only be classified as the generation of a new
species when a lineage-segment is assigned to the
species level. This definition of ‘speciation’ is also
preferable as it retains the pure meaning of a new
species being generated (de Queiroz, 1998), rather
than a technical process that reflexively restricts the
meaning of ‘species’. A review of the lineage frame-
work 1is presented Figure 1 as a metaphor and
Table 1 provides a glossary of terms.

AMBIGUITY OF ANAGENESIS AND
CLADOGENESIS

Although the context of evolutionary lineages clarifies
the relationship between the evolutionary process and
the classification of species, confusion persists due to
the ambiguous usage of some terms. In particular, we

observe that the terms of ‘anagenesis’ and ‘cladogene-
sis’ are frequently used in discussions of evolution and
speciation despite the definition and application of the
terms varying widely (e.g. Aze et al., 2013; Hunt,
2013; Strotz & Allen, 2013; Patino et al., 2014;
Valente, Etienne & Phillimore, 2014). The terms have
generated criticism (e.g. Dubois, 2011), and definition
can be vague (e.g. Patino et al., 2014) or even absent
(e.g. Drew & Barber, 2009). This is alarming as the
terms are central to many neo- and palaeobiological
studies (e.g. Drew & Barber, 2009; Haile-Selassie &
Simpson, 2013; Hunt, 2013; Strotz & Allen, 2013;
Patino et al., 2014).

Confusion is in part due to the changing usage of
anagenesis and cladogenesis over time (Rensch,
1929, 1959), akin to the conceptual evolution of
‘punctuated equilibrium’ (Eldredge & Gould, 1972;
Lieberman & Eldredge, 2014; Pennell, Harmon &
Uyeda, 2014a). Anagenesis and cladogenesis were
originally coined to differentiate between evolution-
ary change that leads to the classification of higher
taxonomic units such as families (called ‘transspecific
evolution’) and ‘narrow-sense’ change at the level of
species (‘intraspecific evolution’) (Rensch, 1929, 1959;
Glass, 1949). Both terms considered speciation (as-
suming divergence as a proxy) and were not differen-
tiated by it, nor were they mutually exclusive
(Simpson, 1949). Specifically, anagenesis considered
a believed trend for increasing complexity in further
derived lineages (‘higher evolved organisms’), typi-
cally considering morphology (Rensch, 1929, 1959).
Cladogenesis was concerned with the evolution of
clades — ‘broad’ branches that yielded significant tax-
onomic diversity (Rensch, 1929, 1959). Cladogenesis
was treated as the breadth of an evolutionary tree
and anagenesis was the height of branches (where
increasing stature was increasing complexity) (Ren-
sch, 1929, 1959). Soon after conception, the terms
were applied directly to speciation (Simpson, 1949),
and later were integrated with the monophyletic
clade and grade concepts of Huxley (1957). After-
wards the terms were merged into the framework of
‘cladistics’ as exemplified by Hennig (Mayr, 1973).
Due to the mixing of terminology, ‘cladogenesis’ was
inferred to reference the monophyletic branches used
as units in cladistics, even though such ‘clades’ have
an independent etymology (Cuénot, 1940).

Anagenesis and cladogenesis continue to be used
differently by experts among fields. For instance in
some biogeography studies, anagenesis is used to
refer to founder effects and the formation of endemic
species (Patino et al., 2014; Valente et al., 2014).
Similarly, some phylogeographical models refer to
speciation caused by geographical mechanisms as
cladogenetic events (Shaw et al., 2015). The discus-
sion of punctuated equilibrium in particular has
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Table 1. A glossary of terms related to anagenesis and cladogenesis

Term

Definition

Type

Evolutionary lineage

Species

Divergence

Lineage-splitting
(or lineage-branching)
Hybridization

(or reticulation)

Speciation

Stasis

Gradualism

A line of descent of evolutionary units (organisms,
replicators). All evolutionary units belong to an
evolutionary lineage, but our ability to identify
particular evolutionary lineages depends upon the
availability and scale of data. Evolutionary lineages
are continuous through time and can be subdivided
down to the level of individual replicators.

An arbitrary segment of an evolutionary lineage in
time classified as a distinct species. Species can be
delineated under many different protocols depending
upon divergence-based factors such as the data available,
studied organism (species criteria) and the
hypotheses under investigation.

The accumulation of genetic or phenotypic difference
among evolutionary lineages over time that results
in distinct variation. Divergence reflects the genetic
or phenotypic diversity among lineages, but it does
not necessarily require lineage-splitting. Difference
can also be measured through time between
ancestor and descendant populations.

The cessation of gene flow between populations
that causes an evolutionary lineage to divide
into two or more. The point at which an
interconnected gene pool splits in two.
Lineage-splitting can be reversed via hybridization.

The re-establishment of gene flow between two evolutionary
lineages. The inverse process of lineage-splitting.
Hybridization can occur between distantly related
lineages as well as recently split lineages.

Splitting of an evolutionary lineage arbitrarily
classified to correspond with the designation of
a new species. The origination of a species. The
classification of a species often depends upon
divergence-based factors such as the data available,
studied organism (secondary species criteria)
and the hypotheses under investigation.

No significant deviation from an evolutionary state (genetic,
phenotypic) over a period of time. Described character
states are typically a mean as individuals vary. It
reflects divergence that is minor, not sustained, or

which does not accumulate. It is driven by stabilizing selection,

frequency-dependent selection or selection conflict.

A slow, continuous rate of evolutionary change. Some
rate variation may occur but it is not overall
significant. Originally coined by Hutton (1788),
referring to the consistency of change in geology.
Expanded by Lyell (1833), in response to Whewell
(1831), to describe that the laws of nature (physics,
biology) are unchanging, but the rates of geological
preservation (e.g. sedimentation, erosion) are highly
variable. Co-opted by Darwin (1859) to refer to a
continuous rate of change during biological evolution
rather than abrupt change.

Process and pattern

Classification

Process

Process

Process

Classification

Hypothesis regarding
process

Hypothesis regarding
process
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Table 1. Continued

Term Definition

Type

Phyletic gradualism

The hypothesis that speciation (and thus divergence
and splitting) occurs at a gradualist rate (Eldredge &

Hypothesis regarding
process and classification

Gould, 1972). Phyletic gradualism is not interchangeable
with gradualism itself as it is the rate applied to speciation.

Punctuated equilibrium

Originally coined to refer to geologically abrupt allopatric
speciation, alternating with extended periods of

Hypothesis regarding
process and classification

morphological and speciational stasis or gradualism

in the fossil record (Eldredge & Gould, 1972). It is not
mutually exclusive with phyletic gradualism. Nowadays
the term has arguably been corrupted and conflated
with numerous other hypotheses (Lieberman &
Eldredge, 2014; Pennell et al., 2014a).

confused the terms because anagenesis and cladogen-
esis have been conflated with variation in rates of
molecular evolution, speciation and diversification
(Benton & Pearson, 2001; Bokma, 2008). Mistakenly,
anagenesis is connected or synonymized with phy-
letic gradualism, gradualism or even stasis (Chaline,
1977; Bokma, 2002; Mattila & Bokma, 2008; Pachut
& Anstey, 2012; Lister, 2013; Pearson & Ezard,
2014), and cladogenesis with punctuated change
(Bokma, 2002, 2008; Lister, 2013). Rates of specia-
tion and cladogenesis are also incorrectly assumed to
be equal (Pennell et al., 2014b). The two terms have
even been referred to as ‘modes’ of evolution, sug-
gesting that fundamental mechanisms are described
(Pachut & Anstey, 2012; Strotz & Allen, 2013).

In palaeontology, usage is fairly consistent, with
‘cladogenesis’ typically defined as lineage-splitting
(branching) (de Queiroz, 1998; Jackson & Cheetham,
1999; Catley, Novick & Shade, 2010; Aze et al., 2013;
Bapst, 2013; Futuyma, 2013). Correspondingly, ‘ana-
genesis’ (or phyletic change) is treated as evolution-
ary change that occurs within a lineage (Johnson
et al., 2012; Pachut & Anstey, 2012; Aze et al., 2013;
Bapst, 2013; Futuyma, 2013; Strotz & Allen, 2013),
between lineage-splits (e.g. Hunt, 2013; Lister, 2013;
Van Bocxlaer & Hunt, 2013). This means that ‘anage-
netic change’ is used to mean evolutionary change
without lineage-splitting (Jackson & Cheetham, 1999;
Catley et al., 2010; Johnson et al., 2012; Bapst, 2013).

Nevertheless, there is a strong tendency to link
anagenesis and cladogenesis to speciation. Cladogene-
sis is commonly considered to be interchangeable with
speciation; lineage-splits are assumed to represent
the division of one species into two or more (Benton &
Pearson, 2001; Mattila & Bokma, 2008; Drew & Bar-
ber, 2009; Hunt, 2013; Lister, 2013; Strotz & Allen,
2013; Dynesius & Jansson, 2014; Pearson & Ezard,
2014). In contrast, anagenesis generates conflict as to
whether it is a form of speciation (e.g. Jackson &

Cheetham, 1999; Catley et al., 2010; Podani, 2013) or
is not (e.g. Bapst, 2013; Ezard et al., 2013; Lister,
2013; Strotz & Allen, 2013; Pennell et al., 2014a).
Species can be argued to originate without lineage-
splitting because the derived genotype or phenotype
of a seemingly un-split lineage is taken to be signifi-
cantly different from the ancestral state (Benton &
Pearson, 2001; Catley et al., 2010; Podani, 2013).
Such species are often referred to as ‘chronospecies’
(de Queiroz, 1998; Benton & Pearson, 2001; Haile-Se-
lassie & Simpson, 2013; White, 2013). These anage-
netically produced chronospecies are controversial as
they are based on difference of form along a lineage
rather than splitting or direct evidence of divergence;
they are therefore based on relative character states
and particular dates, which can be criticized as an
especially arbitrary basis for species delineation
(White, 2013, 2014; Vanderlaan & Ebach, 2014).

ARE ANAGENESIS AND CLADOGENESIS
NECESSARY TERMS?

The varied usages of anagenesis and cladogenesis
across biological disciplines is not ideal for clarity,
and even the seemingly robust definitions used in
palaeontology generate ambiguity between the evolu-
tionary process and species classification. However,
the context of evolutionary lineages allows us to dis-
entangle the different concepts conflated under ana-
genesis and cladogenesis. The insight provided
prompts us to question whether anagenesis and
cladogenesis are necessary.

NOT ALL LINEAGE-SPLITS ARE INFORMATIVE FOR
STUDYING LONG-TERM EVOLUTION

While lineage-splits and evolutionary change between
them function as identifiably different concepts, the
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descriptive value of this distinction depends upon
observation. Problematically, splits are ubiquitous
during evolution but not all splits are fixed, and not
all splits are of interest. Breaks in gene flow (splits)
result in population structuring (Méndez, Tella &
Godoy, 2011; Abbott et al., 2013; Heelemann et al.,
2014), and can persist for few or many generations
(Bhat et al., 2014). Breaks in gene flow are not nec-
essarily absolute nor permanent; two allopatric popu-
lations may reconnect (Sternkopf et al., 2010; Abbott
et al., 2013), as can so-called incipient species (Bhat
et al., 2014), and apparently distinct species can suc-
cessfully hybridize when opportunity arises (Shiga &
Kadono, 2007; Dubois, 2011; Mraz et al., 2012; Pru-
vost, Hoffman & Reyer, 2013), even millions of years
after lineage-splitting (Mallet, 2007; Rothfels et al.,
2015). This means that many lineage-splits are
masked during evolution and it highlights the impor-
tance of hybridization during evolution (Mallet,
2008a; Abbott et al., 2013; Dynesius & Jansson,
2014). Ultimately, gene flow and lineage evolution
are also terminated by extinction. Depending upon
its frequency, population extinction can generate
many splits as it prevents interbreeding among fam-
ily lines and between metapopulations. This means
that lineage-splits are prolific over the course of evo-
lution. However, extinction also erases evidence of
lineage-splits because descendants are not available
for sampling, which yields long naked branches in
molecular phylogenetic reconstructions (Crisp &
Cook, 2009; Grandcolas, Nattier & Trewick, 2014).
With so many splits occurring and being obscured
during evolution it is impossible for all to be identi-
fied, and therefore the classification of anagenesis
and cladogenesis also becomes untenable. Similarly,
partitioning events of divergence with lineage-splits
(if they correspond at all) faces the same problem of
discrimination.

IDENTIFYING LINEAGE-SPLITS REQUIRES GENETIC
DATA

The differentiation of anagenesis and cladogenesis
via lineage-splitting is popular in palaeontology (e.g.
Jackson & Cheetham, 1999; Benton & Pearson,
2001; Crampton & Gale, 2005; Aze et al., 2013;
Ezard et al., 2013; Pearson & Ezard, 2014). Using
lineage-splits to distinguish anagenesis and cladoge-
nesis creates a quandary for palaeontology, however,
because phylogeny can only be inferred from obser-
vations of morphology. Analysis of morphological
data alone, with no knowledge of gene flow, means
that difference must be used to define cladogenesis
instead of lineage-splitting. Sequential changes in
morphology along a time series, ideally with con-
strained geography and sufficient sampling (e.g.

Pearson & Ezard, 2014), provide a proxy for an evo-
lutionary lineage (path of genetic inheritance and
changing phenotype of a lineage). However, the
degree of difference (phenotypic or genetic) is an
inadequate proxy for the timing or position of lin-
eage-splitting itself (see Fig. 2A).

LINEAGE

T+ T2

True lineage-split with no morphological difference.

o
o
o
B g o» @ o> Morphological difference originates prior to lineage-split
Ee o
<> Lineage-split and morphological difference coincide
e g

@ o> o> - Morphological difference develops after lineage-split

Figure 2. A, evolutionary lineages and measures of dif-
ference. (a) Difference between contemporaneous extant
populations (1 and 2) that belong to different lineages.
(b) Difference between contemporaneous fossil popula-
tions. In this example the samples (3 and 4) belong to
the same lineages as in (a) and are therefore part of the
same divergence process. (c) Difference between two pop-
ulations from different times on the same evolutionary
lineage. This is an ancestral/derived relationship. In this
example Sample 1 is extant and Sample 3 is fossil, but
both samples could be fossil populations. Such popula-
tions could be treated as chronospecies, as is common in
comparisons between fossil samples of different age that
are presumed to belong to the same single lineage. (d)
Difference between two populations (4 and 5) from differ-
ent times on different evolutionary lineages. In contrast
to (c) these are not ancestral and derived representatives
of the same lineage, but in the absence of genetic infor-
mation it would be impossible to know this. B, identify-
ing lineage-splits without genetic data. Morphological
data alone are insufficient to demonstrate lineage-split-
ting. Morphological difference observed in the fossil
record between T; and Ty does not necessarily corre-
spond to a lineage-split (although it does provide a testa-
ble hypothesis), and divergence may have occurred
before or after any existing split within the intermediate
time period.
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In palaeontology, difference fails to accurately pre-
dict the position of lineage-splits because morphology
may diverge before or after a true lineage-split
(Fig. 2). Consider, for example, that many species
defined by clear genetic cohesion exhibit differing
degrees of morphological variation (Blomster, Maggs
& Stanhope, 1999; Calsbeek, Smith & Bardeleben,
2007; Hopkins & Tolley, 2011), and that many mor-
phologically cryptic species comprise genetically dis-
tinct lineages (e.g. Trewick, 2000; Feldberg et al.,
2004; Herbert et al., 2004; Heulsken et al., 2013; see
Fig. 2B for an illustration). Simply, without genetic
data it is not possible to distinguish within-lineage
and between-lineage morphological variation (Van
Bocxlaer & Hunt, 2013). Increasing evolutionary
time can provide confidence that divergent morphol-
ogy approximates increasingly well with lineage-
splitting, but this is mostly due to lineage-sorting
and extinction. Even when divergence is simultane-
ous with a geological mechanism such as sea-level
change, it cannot be used to precisely estimate when
a lineage-split may have occurred as such geographi-
cal changes can exist for thousands of years (Page &
Hughes, 2014). It remains impossible to be certain of
when a split occurred and therefore it is difficult to
precisely estimate periods of anagenetic and cladoge-
netic change using morphological data alone (Cramp-
ton & Gale, 2005). We agree with Bapst (2013) that
it is important to distinguish lineage-splitting, mor-
phological divergence and speciation in palaeonto-
logy.

SPECIATION IS ARBITRARY

Anagenesis and cladogenesis could be distinguished
by classifying lineage-splits to be above or below the
species level. This would allow us to ignore the
majority of splits that occur during evolution that
may not contribute to long-term evolutionary pat-
terns. This would automatically mean that only
cladogenesis increases species diversity (Ezard et al.,
2012; Strotz & Allen, 2013), whereas anagenesis
results in static species diversity (Ezard et al., 2012;
Haile-Selassie & Simpson, 2013). Unfortunately this
strategy is both circular and arbitrary. The distinc-
tion of species level lineages can only be relative as
it is dependent upon the studied organism, data
available and hypothesis under investigation (Ezard
et al., 2013; Haile-Selassie & Simpson, 2013). Even
within a single genus, where taxonomic species
delineation may have reached a consensus that per-
mits a consistent definition of anagenesis, this
approach would not lend itself to comparison across
the tree of life. It may be helpful for researchers to
use anagenesis and cladogenesis in this relative
manner based on the lineage level or evolutionary

persistence, but the limitations must be acknowl-
edged.

Crucially, the distinction is also flawed because it
fails to acknowledge that species are arbitrary and
that speciation is an artificial concept established on
a particular taxonomic paradigm. As species are
arbitrarily classified segments of evolutionary lin-
eages they are not discrete states of evolution. At
any point a lineage segment can be revised to occur
above or below the species level, and correspondingly
splits could be reclassified from anagenesis to clado-
genesis or vice versa. This type of reciprocal illumi-
nation means that the criteria used to define the
pattern and process are conflated. Likewise,
hybridization can cause lineages to regress below the
species level (e.g. Abbott et al., 2013; Bhat et al.,
2014; Dynesius & Jansson, 2014), and, because the
boundaries of a species do not strictly depend upon
lineage-splitting (e.g. species with hybridizing bound-
aries, ring species, chronospecies), speciation is not a
definitive process with a beginning and end. There is
no consistency between organisms for distinguishing
particular splits as speciation, and there is no agreed
point of complete speciation. This already appears to
be recognized by authors who have adopted the
terms ‘pseudospeciation’ and ‘pseudoextinction’ to
describe divergence in the absence of known splitting
(e.g. de Queiroz, 1998; Ezard et al., 2012, 2013;
Bapst, 2013; Haile-Selassie & Simpson, 2013; Podani,
2013). Species-based definitions of anagenesis and
cladogenesis are also post hoc and cannot be applied
to currently evolving lineages (i.e. all living lineages)
because we cannot predict future splitting, diver-
gence or hybridization.

SPECIATION CONSIDERS MORE THAN
LINEAGE-SPLITTING

Some lineage-splits are biologically significant
because they represent genuine cases of ‘instanta-
neous speciation’. This can occur, for example, via
karyotype changes (Moritz & Bi, 2011), the evolution
of parthenogenesis (Abe, 1986), or androgenesis
(Scali, Milani & Passamonti, 2012). These scenarios
allow neat differentiation of anagenesis and cladoge-
nesis in a species-based manner; however, the major-
ity of species appear to have emerged in a less
abrupt manner (Rymer et al., 2010; Claramunt et al.,
2012; Near et al., 2012). Most ‘speciation’ is associ-
ated with divergence rather than lineage-splitting —
new species are usually characterized by unique,
identifiable genetic or phenotypic variation compared
with related populations (Bapst, 2013). Most often, a
particular lineage-split is likely to be merely one step
during the change identified as speciation. Focusing
on lineage-splitting also distracts from the importance
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of lineage hybridization during speciation (Mallet,
2008a, b; Abbott et al., 2013; Setre, 2013; Dynesius
& Jansson, 2014). Even discrete changes related
to instantaneous speciation can also be caused by
introgession via ploidy changes associated with
hybridization (Mallet, 2007; Mraz et al., 2012), and
the evolution of reproductive systems such as hybri-
dogenesis (Dubois, 2011; Pruvost et al., 2013).

Even when a lineage-split does represent an
abrupt evolutionary change or innovation, many
resulting lineages swiftly go extinct. For numerous
reasons, systematics generally pays little attention to
describing a unique lineage, even if it formed via a
single split, unless it persists for a significant length
of evolutionary time. The relevance of persistence
through time is relative to the studied organism and
is dependent upon evolutionary rate estimates that
embroil further problems such as gene tree hetero-
geneity (McCormack et al., 2010; Cutter, 2013), and
requires accurate estimations of extinction rates that
might be intractable (Barraclough & Nee, 2001;
Quental & Marshall, 2010; Morlon, Parsons & Plot-
kin, 2011). For example, a new viral strain may be
classified as a species-equivalent within a matter of
months, whereas a reproductively isolated group of
animals following a karyotype change is unlikely to
be classified as a species for thousands or millions of
years (Morgan-Richards, Trewick & Wallis, 2001).
Species classification is concerned with divergence,
hybridization, extinction and informative value as
much as splits and monophyly. Overall, it is unhelp-
ful to synonymize cladogenesis (and lineage-splitting)
with speciation.

UNDERSTANDING EVOLUTION WITHOUT ANAGENESIS
AND CLADOGENESIS

To illustrate the frequent redundancy of the terms ‘ana-
genesis’ and ‘cladogenesis’, we rephrase excerpts from
recent studies using fundamental concepts in evolution.
In many cases abandoning the terms improves the clar-
ity of reasoning and expression, making research more
accessible, and in a few instances it reveals ambiguity or
indicates areas for further research. When we replace
the terms anagenesis and cladogenesis from recent pub-
lications it reveals differences in current usage that are
clearly contradictory.

Palaeontology and phylogenetics

‘A model was fit that allows estimation of anagenetic (within-
lineage) evolution, cladogenetic (speciational) change and geo-
graphic variation within species.” (Hunt, 2013).

A model was fit that allows estimation of lineage-
splitting above and below the species level, and geo-
graphical variation within species.

‘The signal for anagenetic vs. cladogenetic change is subtle: it
hinges upon whether the magnitude of divergence between
species is more strongly correlated with elapsed time (as pre-
dicted by anagenetic change) or with the number of specia-
tion events (as predicted by cladogenetic change) since their
common ancestor.” (Hunt, 2013).

The signal for phylogenetic gradualism vs. punctu-
ated change is subtle: it hinges upon whether the
magnitude of divergence between species is more
strongly correlated with elapsed time (as predicted
by phyletic gradualism) or with the number of speci-
ation events (as predicted by punctuationalism) since
their common ancestor.

[They assessed] the relative frequency of anagenesis (evolu-
tion within a single evolving lineage) and cladogenesis (lin-
eage branching) in the production of new morphospecies.
They conclude that anagenesis is much less prevalent than
indicated in our phylogeny.’ (Aze et al., 2013).

[They assessed] the relative frequency of evolution-
ary change that does and does not generate a net
increase in species diversity during the production of
new morphospecies. They concluded that evolution-
ary change that did not lead to a net increase in spe-
cies diversity was much less prevalent than
indicated in our phylogeny.

Biogeography

‘The theory of “punctuated equilibrium” proposes
that species change suddenly during short bursts
associated with speciation (“cladogenetic change”). It
is best exemplified on oceanic islands, where adap-
tive radiations have led to spectacular cases of
endemic speciation... On islands, the gradual evolu-
tion of a new species from a founder event has been
called “anagenetic speciation”. This process does not
lead to rapid and extensive speciation within lin-
eages, as adaptive radiation may do.” (Patino et al.,
2014).

The theory of ‘punctuated equilibrium’ proposes that
species change suddenly during short bursts associ-
ated with speciation. It is best exemplified on oceanic
islands [sic], where adaptive radiations have led to
spectacular cases of endemic speciation... On islands,
following a population founder event new species can
evolve gradually. This process does not lead to rapid
divergence as adaptive radiations may do.

CONCLUSION

‘Anagenesis’ and ‘cladogenesis’ are vague and incon-
sistently defined terms in current research that have
been conflated with other hypotheses (Rensch, 1929;
Simpson, 1949; Jackson & Cheetham, 1999; Mattila
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& Bokma, 2008; Patino et al., 2014). The most popu-
lar, robust definitions are based on the splitting of
evolutionary lineages (Jackson & Cheetham, 1999;
Catley et al., 2010; Bapst, 2013; Van Bocxlaer &
Hunt, 2013), and most authors conflate lineage-split-
ting with speciation (e.g. Mattila & Bokma, 2008;
Drew & Barber, 2009; Hunt, 2013; Dynesius & Jans-
son, 2014). This is problematic because lineage-split-
ting is prolific in nature and not all splits are of
interest — especially when investigating evolution
over long time periods. Splits are common due to
population structuring and extinction, and hybridiza-
tion and extinction mask and reduce the consequence
of many splits. Species are arbitrary units, and
therefore attempts to differentiate between lineage-
splits above and below the species level are relative
and dependent upon the studied organism, data
available and hypothesis under investigation.

Studying change in species diversity over time is
of immense value and is required alongside analysis
of the evolutionary process. We emphasize, however,
that conflating descriptions of the evolutionary pro-
cess (lineages, divergence, splitting, hybridization)
with taxonomy (species, speciation) does not benefit
either line of investigation. Anagenesis and cladoge-
nesis can remain useful terms if future definitions
are aware of this separation, even if the terms are
accepted to be relative to particular studied organ-
isms. However, if this problem is ignored, anagene-
sis and cladogenesis will remain a Dbarrier to
communication across disciplines, and the terms
shall remain replaceable with more fundamental,
transparent concepts. Studies of evolution do not
need to focus solely on identifying species level
change.
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