Zootaxa 4374 (1): 107—143 ISSN 1175-5326 (print edition)
http://www.mapress.com/j/zt/ Arti cl e ZO OT A X q
Copyright © 2018 Magnolia Press ISSN 1175-5334 (online edition)

https://doi.org/10.11646/zootaxa.4374.1.7
http://zoobank.org/urn:1sid:zoobank.org:pub:13A1A730-B5A9-4305-9AF5-409FD36F0384

The State of Phylogenetic Analysis: Narrow Visions and Simple Answers
—Examples from the Diptera (flies)

ART BORKENT

Research Associate, Royal British Columbia Museum and the American Museum of Natural History, 691-8th Ave. SE, Salmon Arm,
British Columbia, VIE 2C2, Canada. E-mail: artborkent@telus.net

Abstract

The order Diptera is remarkably diverse, not only in species but in morphological variation in every life stage, making
them excellent candidates for phylogenetic analysis. Such analysis has been hampered by methods that have severely re-
stricted character state interpretation. Morphological-based phylogenies should be based on a deep understanding of the
morphology, development and function of character states, and have extensive outgroup comparisons made to determine
their polarity. Character states clearly vary in their value for determining phylogenetic relationships and this needs to be
studied and utilized. Characters themselves need more explicit discussion, including how some may be developmentally
or functionally related to other characters (and potentially not independent indicators of genealogical relationship). The
current practice by many, of filling a matrix with poorly understood character states and highly limited outgroup compar-
isons, is unacceptable if the results are to be a valid reflection of the actual history of the group.

Parsimony analysis is not an objective interpretation of phylogenetic relationships when all characters are treated as
equal in value. Exact mathematical values applied to characters are entirely arbitrary and are generally used to produce a
phylogeny that the author considers as reasonable. Mathematical appraisal of a given node is similarly inconsequential
because characters do not have an intrinsic mathematical value. Bremer support, for example, provides values that have
no biological reality but provide the pretence of objectivity. Cladists need to focus their attention on testing the validity of
each synapomorphy proposed, as the basis for all further phylogenetic interpretation, rather than the testing of differing
phylogenies through various comparative programs.

Current phylogenetic analyses have come to increasingly depend on DNA sequence-based characters, in spite of their
tumultuous history of inconsistent results. Until such time as sequences can be shown to produce predictive phylogenies
(i.e., using Hennigian logic), independent of morphological analysis, they should be viewed with caution and certainly not
as a panacea as they are commonly portrayed.

The purported comprehensive analyses of phylogenetic relationships between families of Diptera by Wiegmann et al.
(2011) and Lambkin et al. (2013) have serious flaws and cannot be considered as the “Periodic Table” of such relationships
as originally heralded.

Systematists working on Diptera have a plethora of complex and informative morphological synapomorphies in every
life stage, either described or awaiting study. Many lineages have the potential of providing a wealth of evolutionary sto-
ries to share with other biologists if we produce stable phylogenies based on weighted synapomorphies and interpreted to
elucidate the zoogeographic and bionomic divergence of the group. Some lineages are devoid of convincing synapomor-
phies and, in spite of our desires, should be recognized as being largely uninterpretable.
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"Computers are useless. All they give you are answers." Pablo Picasso.

"At the same time a pseudoscience based on quantitative manipulations of questionable
phenetic data has focused on cladograms at the exclusion of character analysis. Reversing this
trend will require a return to the refinement of Hennig's theories and methods and the
integration of diverse available data." Wheeler (2008a).
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Introduction

When one reads the current literature in Diptera systematics it appears that we are living in a golden age of
phylogenetics. Group after group is being sequenced and the resultant phylogenies abound (e.g., Buenaventura et
al., 2016; Caravas & Friedrich, 2013; Chapman et al., 2012; Ding et al., 2015; Haseyama et al., 2015; Semelbauer,
2016; Seveik, 2016; Wang et al., 2016; Winkler et al., 2015; Winterton et al., 2016; Young et al., 2016a; Zhang et
al., 2016). Molecular analyses are promising to give final answers (Trautwein et al., 2017; Yeates et al., 2016) and
morphological analyses are often as straightforward as scoring variable character states in a matrix, choosing a few
taxa as outgroups and determining the most parsimonious tree with a program (and options) of choice (usually
PAUP or Mesquite + TNT). Additionally, some morphologists appear inclined to entirely hand over phylogenetic
questions to molecular analysis. A recent book on the morphology of insects by Beutel er al. (2014: viii), in
reflecting on molecular analyses in their introduction, state "... it is probably not over optimistic to assume that a
more or less completely resolved hexapod phylogeny (on the interordinal level) will be available in the very near
future". As such, a recent book Next Generation Systematics (Olson et al., 2016) appears to have redefined the
concept of systematics as equivalent to phylogenomics and the study of biodiversity to the exclusion of
morphological study. Increasingly, groups of scientists without any, or very little taxonomic/systematic training are
pursuing molecular sequences (sometimes just the COI gene) apparently in the belief that simply plugging the
sequence data into a computer program will give a reasonable (or at least publishable) phylogeny (e.g., Ander et
al., 2013; Chu et al., 2016; Grace-Lema et al., 2015; Karimian et al., 2014; Mufioz-Mufioz et al., 2014; Norris &
Norris, 2015; Pages et al., 2009; Sum et al., 2014; Talavera et al., 2017; Tay et al., 2016; Wang et al., 2014). There
is a common conception that genomes will provide solid phylogenetic answers and that the characterization of
species by morphological systematists, if not entirely replaced with barcodes, may even be largely superseded by
phenomics, the scanning and computer analysis of morphological structures (Deans et al., 2015; La Salle et al.,
2009). There is a remarkable level of faith in techniques, in spite of fundamental problems regarding the nature of
morphological characters, how they are interpreted and a very questionable history of molecular sequences in
providing accurate portrayals of cladistic relationships.

In this paper I suggest that we have gone off the tracks in how we are approaching phylogenetic questions and
that systematics has become largely reduced to a set of inappropriate techniques that fail to address the most
fundamental question of the validity of a given character’s polarity. Increasingly studies are avoiding broader
evolutionary questions which interpret the likely meaning of the information gathered. Students have come to
accept that phylogenetic hypotheses based on morphology are primarily composed of comparing various
phylogenetic patterns derived from a matrix of characters, instead of the careful determination of the polarity of
each character state. Somewhere we lost the idea that Hennig’s (1950, 1965, 1966) fundamental contribution to
systematic thought was the logic of how to interpret whether a given character state was plesiomorphic or
apomorphic and that such interpretation was a testable hypothesis. It is through interpretation of the polarity of
each character state that the entire phylogenetic construct depends and it is in that arena that systematists should be
producing the most sweat.

In this paper, I focus on issues present in phylogenetic analyses in the Diptera because I am most familiar with
this order. However, virtually all the problems discussed here appear to be prevalent throughout at least zoology.

The Diptera (true flies) are, for several reasons, an excellent group for the study of phylogenetic relationships
and the techniques that are best suited to interpret these (Pape er al., 2009; Yeates & Wiegmann, 2005). First, the
order has diverged morphologically in every stage. Larvae are often so different from one another that debates have
ensued over the homology of different mouthparts, even within a given family. Pupae and adults are also highly
divergent and as such provide a further wealth of features to interpret. Second, and as a corollary of this variation,
the divergence of each life stage provides an outstanding platform to corroborate whether select synapomorphies
(high-weight) from different stages provide congruent phylogenies. Third, the Diptera are remarkably species rich
with over 159,000 species named (Borkent et al, in press). Although presently considered to represent an
impressive 12% of all eukaryotic life, this estimate is likely far too low and there are a huge number of taxa
awaiting description. As such, dipterists have a vast array of morphological variation available for study that is
helpful in determining homologies and homologous character states. Fourth, due to their abundance in the plethora
of amber deposits around the world, the Diptera are particularly well represented by a very rich fossil record,
allowing for the most detailed of morphological study. Often, even Lebanese amber (125-129 million years old),
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the oldest deposit bearing abundant insect inclusions, has specimens that look largely as if they had been recently
placed in resin. Some of these have been partially cleared during preservation, allowing details of mouthparts and
genitalia, for example, to be studied. Such fossils provide additional information regarding character states and,
especially whether two or more character states are truly representative of a given phylogenetic node. So too, we
should expect accurate phylogenetic patterns based on extant taxa to be reflected in a fossil record in which
successively older lineages are represented by successively older fossils. It seems likely that Hennig, who was
intimately familiar with every life stage and the more limited fossil record (then), was attracted to the study of
Diptera for these very reasons, all lending themselves to cladistic analysis. He hypothesized the first detailed
familial phylogeny of the order and provided a wealth of features supporting it. Subsequent study has confirmed
much of Hennig's conclusions and provided further resolution of various groups, while others are still contentious.

Current study, however, of morphologically-based phylogenetic relationships among families of Diptera is
largely at a standstill, in spite of the public appearance of having been largely resolved. In fact, there are a large
number of fundamental questions yet remaining. An analysis of the interfamilial relationships within the Diptera,
based on molecular and morphological data was published with great fanfare by Wiegmann ez al. (2011), the result
of a cooperative effort among 27 authors in 17 institutions. Declared to be the “new Periodic Table for flies” it was
stated to be based on the “most complete set of fly genetic and structural anatomy data ever collected”
(Kulikowski, 2011). A companion paper by Lambkin ez al. (2013), based on far fewer taxa, described in more
detail the morphological component of the study. Readers might have been led to believe that the interfamilial
relationships are completely understood by these analyses and numbers of subsequent authors treat it as such. In
fact, much is uncertain, including the approach taken. More on this below.

SUMMARY: Diptera are an excellent group for phylogenetic analysis but practical and theoretical approaches
have hampered their interpretation. Both morphological and molecular analyses require scrutiny.

There are, in addition, a plethora of intrafamilial studies by the community of dipteran systematists and,
worldwide, most of the approximately 160 families of flies have one or more taxonomic experts. Most modern
morphological phylogenetic analyses of various groups, however, generally are as straightforward as inserting a
variety of morphological features into a matrix that is subsequently analyzed by one or more programs (with
various options), using rather limited outgroup comparisons to produce the most parsimonious and/ or maximum
likelihood tree(s). Character states are most often not discussed; nor is it generally clear which character states
support which nodes. Molecular analyses, sometimes in conjunction with morphological data, are generally so
technique-bound for those not intimately familiar with molecular analysis as to be virtually opaque. Such
phylogenies are taken on faith that the techniques must be valid. The mix of morphological and molecular data, the
so-called “whole evidence” approach is also often of uncertain value because the elements cannot (or only with
great difficulty) be identified in some studies. In short, my repeated question of “What is the evidence supporting
that relationship?” is often either unavailable or can only be extracted with substantial effort (including rerunning
the analyses to determine this, if all options are stated). Such methodological inaccessibility, along with a shift
away from detailed morphological explanation, is hampering our ability to assess phylogenetic relationships with
regard to the fundamental tenants of cladistic analysis.

Diptera systematics is in a crisis that needs to be addressed. The further we depart from the study of nature
(here character states and the organisms that bear them), the more we will be immersed in a caricature of nature of
our own construction. Complex mathematical models, often intimidating but bearing an aura of authenticity and
authority, have become the modus operandi. A serious consequence is that many students are skilled in methods (at
an operational level) and comparatively ignorant of the organisms at hand. Below, I describe some of the issues that
I believe need addressing. My desire is to encourage a broader perspective in our studies and far greater clarity in
our analyses, especially regarding the characters studied. Diptera could be more fully utilized as an exemplary
group for portraying evolutionary patterns and how these pattern should be best presented within the broader
scientific community.
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The problems
1. Approach of Many Systematists Toward Morphological Phylogeny Construction

"It is foolish to make confident statements about these matters if one does not devote a lot of time to them.
It is useful practice to question every detail." Aristotle.

Every systematist begins, or should begin, their study with examination of specimens and an understanding of
the literature (at least some publications). For too many the study of the specimens is short-lived, lasting only as
long as a level of certainty is attained regarding how to recognize the different taxa. Combined with a scan of the
different species for features shared by only some, a matrix of character states, determined first-hand or with
literature, is often rapidly filled in and an outgroup of one or a few taxa provides the tool to polarize the ingroup
variation. For a variety of reasons, discussed below, the resultant phylogenies vary in their mathematically
determined parsimony and a restricted number of these provided in the publication. Rarely are the details, function
or development of the characters discussed, nor the relationship of a given character to a greater whole of the
organism portrayed. With a claim of objectivity, all characters are treated equally, unless a crazy (i.e., obviously
ridiculous) phylogeny is produced, in which case various characters might be more strongly weighted to produce
more “acceptable” results. Why these features might be more important or how one can determine the relative
weight (e.g., 10 vs. 1) is unclear. For many, this is the end of the process and readers are left wondering what the
significance of the phylogeny might be in interpreting behaviour, habitats, distribution and other interesting aspects
of diversification of the group at hand. So too, many workers have limited knowledge of the bionomics of the
group and restricted interest in other life stages. This appears to me to be a rather boring, simplistic and likely
inaccurate understanding of the group at hand. If treated in such a mechanical and superficial manner, there is every
reason to believe that much of what is accomplished could be duplicated by a combination of electronic specimen
scans, computer generated phenomics, input and analysis. Sokal & Rohlf (1970), as statistician/ biologists,
suggested that if phylogenetic information was a question of processing complex information, there was every
reason to believe that this could be ultimately mechanized. A distinct possibility of Deus ex machina. But this is a
blind machine, divorced from the complexity of character states, their cladistic interpretation, the actions and
ecological context of the organism, and other clues to its evolutionary history.

Further to this, a dependency on literature as a source of character states is often fatal (but common). There is
no replacement for first-hand examination of taxa (and therefore of well curated collections). Many years ago when
I arrived in Ottawa, Canada to study with Monty Wood, 1 was confused by many conflicting publications
describing characters and purported homologies among different families of nematocerous Diptera (e.g., Saether,
1977). In discussing any of these, Monty shortly directed me to the collection and specimens to study first-hand. It
was an early lesson that much in the literature is flawed (or limited) and that there was no replacement for first-
hand examination of specimens if we are to improve our science at this level.

SUMMARY: Many modern phylogenies have limited input of poorly understood characters, examine few taxa as
outgroups and treat character states as equal in weight, here considered to be serious problems.

I realize that this is somewhat of a caricature and that some dipterists are doing more thorough and excellent
work. However, it remains that the debate between different conclusions most often deals primarily with methods
and not data. Overall there is a satisfaction with a maximum parsimony tree, rather than gathering more data, more
opportunities to refine or complicate our perspectives. Students are learning how to manage the data rather than
having a background in insect morphology, development, and behaviour that would provide the tools necessary to
think about what character states might mean and their relative worth in indicating relationships. Because of a
current virtual vacuum in the discussion of character weighing or what features may be functionally related (and
more likely to be evolutionarily connected), there appears to be no need to go back to the data that was input in the
first place when confronted with character states indicating conflicting phylogenetic conclusions. The question
appears not to be “Which of my character states may have been misinterpreted?” but “How might | manipulate the
data to obtain a more parsimonious tree?” For many this means tweaking the data (providing some character
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weighing, eliminating some character states, or other modifications) that will then provide something that seems
“more reasonable” or intuitively more accurate. Students are given the understanding that phylogeny construction
is fundamentally a computer game that doesn’t question the value of the character states initially inputted and
promotes a rapid appraisal of character states and then subsequent analysis, with emphasis placed on learning the
various programs (and their options) to manipulate the data. Such limitations are often apparent in their
publications.

2. Polarizing Character States

The interpretation of each character state is the most important and fundamental aspect of phylogenetic
construction (Brower, 2000; Eldredge & Cracraft, 1980; Hennig, 1950, 1965, 1966; Hennig & Schlee, 1978;
Schlee, 1978) and should demand the greatest attention and discussion by systematists. It is entirely on the basis of
the validity of each separate character state that phylogenetic conclusions rest.

As an undergraduate and graduate student at the University of Alberta in the 1970s cladistics was taught as
follows. One picked a group (say a genus) to work on, somewhat diverse and hopefully with some preliminary
evidence that it was monophyletic (e.g., one or more features unique within the family and hopefully even more
broadly distinctive). As one determined the variation in character states in the genus, the question arose as to what
character state was apomorphic and which was plesiomorphic. As such, a search of the outgroup began. The
outgroup was not one or two exemplars but consisted of an increasing range of taxa, initially including a taxon one
thought of as the closest relative (or at least similar) and moving successively outward to encompass a larger and
larger array of taxa. A good start would be able to say that a feature of one or more of the species in the genus was
unique when compared to members of another genus in the family (hopefully all members of that genus),
suggesting that the feature was apomorphic within the genus under study. However, a logical worry would be that
the genus being studied was a basal lineage within the subfamily or family, so that the “unique” feature was
actually plesiomorphic and the genus possibly paraphyletic. Therefore, in the face of such a possibility, it would be
advisable to expand the outgroup to at least two monophyletic nodes below the group at hand. Although it is true
that logically only one taxon is needed to polarize a feature, it would have been considered poor science (at that
time unacceptable) to make such a limited comparison. It would be all the more informative and convincing if that
one character state was unique within the subfamily, family, superfamily or even the entire order. For most studies
today, one or a few outgroups are considered ample and these are most often exemplars, not as many species as
possible in whole genera or families. I consider this to be a highly minimalistic and certainly a limited approach to
determining whether a feature is derived or not. It is a mystery to me how many systematists have found
themselves content with examining just a few taxa for outgroup comparisons, when it is clear that examining as
many taxa as possible can provide far stronger evidence that a feature has evolved de novo. This is especially
relevant when a major concern is whether homoplasy has occurred, a feature of virtually every group with more
than a few species and/or characters.

As currently practiced, a limited outgroup allows for the polarization of each and any character a researcher
decides to put into her/his matrix. This fail-proof method of determining synapomorphies (and often lots of them)
allows for only a superficial understanding of characters. Broad outgroup comparisons are necessary to learn which
features are truly unique and which are highly homoplastic, with of course, others being intermediate and more
difficult to interpret. Hennig (1966) noted the importance of extensive comparisons among taxa to fully understand
homology and hence synapomorphies (Kavanaugh, 1972; Schlee, 1978). The limited outgroup approach
invalidates and is antithetical to building phylogenies that reflect actual genealogical relationships and that are
predictive regarding further characters and species.

There is one circumstance, however, when it is appropriate to use a limited number of exemplars in
morphological / phylogenetic studies. When a character state is newly discovered (i.e., no or little literature
available) and is complex and/or difficult to investigate, there are inherent limits to the number of taxa in the
outgroup that can be studied if the author hopes to publish the results in a reasonable time frame. In such instances
of limited knowledge it is best to select early lineages within each of the available outgroups for study. In my
analysis of the pupal structures of the families of Culicomorpha (Borkent, 2012), for example, I recognized that I
could not study all available pupal material of this group of 18,103 species if | was to make fresh comparisons and
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interpret, as would be expected, many new features of phylogenetic importance not previously reported for most
taxa. Even for features that were reported in some families (e.g., Culicidae, Chironomidae), the literature was so
large that I didn’t have the time to consult all publications (although I did study much of that literature). I had a
collection of many Ceratopogonidae available (Borkent, 2014) but lacked broad first-hand material of most other
families. As such, I made a special effort to obtain specimens through loans and primarily studied the early lineages
of each of the seven other families of Culicomorpha. For example, within the Simuliidae, with 2,132 species and 26
genera worldwide (Adler & Crosskey, 2012), the genus Parasimulium is confidently considered the sister group of
all other members. In looking for homologous character states among the families, it was logical to focus study on
the members of the earliest lineage(s) of each. Even so, there is a serious risk that the earliest lineage(s) have many
apomorphic features (think platypus within the Mammalia) and so adding some further early taxa (e.g.,
Prosimulium) enhances the likelihood that homologous character states are correctly identified. For some families
like Thaumaleidae, no intrafamilial phylogeny is known and so, for this small family I studied a variety of taxa. For
each of the families, I asked available experts to appraise my characterization of their family, adding significant
insight to the phylogenetic interpretation of given features. As such, this exemplar approach (comparing early
lineages in each family) allowed me to maximize the likelihood of detecting homologous character states among
the families of Culicomorpha.

Today the use of limited exemplars has become the modus operandi and is nearly universal in studies using an
approach combining and/or comparing molecular and morphological data (e.g., Kitching et al., 2015; Petersen et
al., 2010; Tko¢ et al., 2016; Winterton & Ware, 2015). Such limited examination is inherent to current methods
utilized in sequence analyses but is unacceptably reductionist for studies including morphological features. An
exemplar approach is used even when morphological character states are known for far more taxa (e.g., Cerretti
& Pape, 2012; Forster ef al., 2016; Kits et al., 2013; Koch et al., 2015; Schneeberg & Beutel, 2014; Wagner &
Stuckenberg, 2016; Williams et al., 2016; Yassin, 2013) and cannot be considered as thorough science, and
especially not when it ignores previously published information. Such limited comparisons strongly reduce the
possibility of understanding character state distributions in any sort of breadth, and increases the odds of
misinterpreting the results.

SUMMARY: Limited outgroup comparisons allow nearly every ingroup character state to be polarized and
present a minimalistic approach. Broad comparisons allow for identification of high-weight synapomorphies, if]
present, and those which are homoplastic.

For many features, character states are discovered to vary in the outgroup (are homoplastic) and two questions
come into play. The first quandary should always be whether the homoplasy has been accurately determined in the
first place. One should always go back to the specimens and put two examples of the homoplastic features under a
microscope (preferably side by side) and look again. Often, details not previously detected become apparent with
further scrutiny. A characterization of “thorax with long setae” as initially scored, may be actually quite different
between two species when re-examined and studied in more detail. This is a process of “getting it right” and should
be an important and first line of investigation in dealing with homoplasy.

The second question concerns the distribution of the character state. If present in close relatives (i.e., within
several well established nodes), the character state should be considered to be of low value and often disregarded as
an indicator of relationship. If the homoplasy is present in only distant taxa, it would likely have greater value as a
synapomorphy in the group at hand. For example, there is a group of species within the genus Stenochironomus
(Chironomidae, Chironominae, Chironomini) that have brilliantly shiny eyes as adults (Borkent, 1984). Within the
nematocerous Diptera, the only other known instances of this are in a few species in each of the following families:
Tanypodinae (Chironomidae), Simuliidae, Tipulidae and Cecidomyiidae. There are so many branching points
between these groups that it is likely that it evolved independently in each and therefore is a good indicator of
relationship at least within Stenochironomus.

There is ample evidence that some features of organisms have evolved more than once and often these are tied
to common environmental conditions. Many desert mammals have longer legs (to elevate them above the hot
substrate), wing pigmentation in Diptera has likely evolved hundreds of times, the lengths of setae at the apex of
the larval abdomen of some species of Culicoides are related to substrate type (Kettle & Elson, 1976), and it would
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certainly be important to avoid using “foreleg yellow” as a synapomorphy, when it occurred sporadically in nearly
every genus in a family.

The above discussion is not meant to denigrate the potential value of a matrix in determining character state
polarity. Clearly, matrices have made character state analysis more explicit in portraying their distribution within
the taxon under study. Every species is scored and the reader can quickly understand the presence or absence of
character states. Matrices are capable of showing character state distributions in a broad outgroup (although rarely
including more than a few taxa). The use of a groundplan value can be used to indicate truly unique features, or a
conclusion from broad comparisons. However, a general lack of character state discussion eliminates the
possibility that the reader can evaluate the character state distribution in the outgroup in any detail. I always want to
know if the author has studied 5, 10, or 200 species in the outgroup and what they were. Statements such as “unique
within the Ceratopogonidae and absent in all other Culicomorpha other than a few derived Chironomidae” are
informative and a testing ground for the next student of the group. The outgroup taxa studied should be listed in
materials and methods and noted in conjunction with the discussion of a given feature. The exact comparisons
made for each character (which often vary according to published or current research) should be explicitly stated
when varying from the list in materials and methods. In addition, further morphology and function of a character
and character state should be discussed (more on this below). When study is limited and comparisons of a given
structure restricted to a small outgroup, it is reasonable for readers to be strongly suspicious of the resultant
phylogenetic results.

It is interesting that Hennig’s (1973) massive publication on Diptera and Brundin's (1966) famous book on
transantarctic relationships of Chironomidae did not provide outgroup comparisons for their proposed
synapomorphies. They probably assumed that their audiences had a broad knowledge of character states, a level of
expertise that no longer exists. Even within such large families as Culicidae and Chironomidae there are few who
have a broad understanding of the morphology of an entire family, including larvae, pupae and adults. In the face of
continuing specialization, it behoves every author to explicitly discuss the basis for their decisions regarding
homology and polarity if they are to be truly transparent. A vital part of doing good science is knowing what
comparisons have been made, allowing subsequent researchers to access the proposed synapomorphy with greater
rigour and clarity.

Such discussion regarding character states and their polarity should not only address the outgroup distribution,
detailed morphology and development, but also point out any problems of interpretation. For any larger group with
a number of features, it is misleading to portray each character state as if there were no questions or remaining
challenges to its interpretation. To simply provide data as Os and 1s is a reductionist presentation that introduces an
opacity that others cannot penetrate—hardly the characterization of progressive science. As it stands, most recent
morphologically-based phylogenies simply, at best, itemize their characters, with the plesiomorphic and
apomorphic states merely listed (often relegated to supplemental files) (e.g., Fu ef al., 2016; Gibson & Skevington,
2013; Inclan et al., 2016; Kits et al., 2013; Meier & Wiegmann, 2002; Morgulis et al., 2016; Wagner &
Stuckenberg, 2016; Williams et al., 2016; Young et al., 2016b). Such presentations limit scientific dialogue,
criticism, and development.

3. What is a Character?

Imbedded in current phylogenetic analyses are mathematical gauges of the validity or relative strength of each
node on a cladogram. Bremer support for example, provides a number indicating the level of evidence present for
the monophyly of a particular node. Fundamental to the question of the importance of the numerical portrayal of
evidence is the nature of the characters utilized (Stevens, 2000). On the face of it, it is as simple as the more
synapomorphic states we can discover for a node, the more likely the validity of that node.

Presumably, morphologically-based systematists search for independent indicators of relationship for a given
group of species. It is vital, therefore, that evidence for such independence (or an expression of ignorance) be stated
regarding the various characters and, as noted above, calls for an explicit discussion of the characters utilized in a
study. Clearly, when one is proposing three synapomorphies as evidence for a specific node, all of which are related
to the relative thickness of three different wing veins, there is a strong possibility that there is actually only one
feature “thicker wing veins”. The opposite is also likely to be true — three congruent synapomorphies from each of
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three different life stages and functionally unrelated, such as features of larval mouthparts, pupal respiratory organ
and adult male parameres, are particularly strong evidence that a particular node reflects the true ancestry of the
included taxa. In many situations it is not understood how features may be functionally and/or developmentally
related but this is no excuse for lack of discussion. It is up to authors to either convince the reader of a level of
independence, or admit uncertainty, providing clarity and analytical opportunities for the next student of the group.

SUMMARY: Characters require detailed study. Overly split characters can bias phylogenetic conclusions. Strong
support for a given node is enhanced when two or more independent synapomorphies are present.

Understanding the development of a feature is often of critical importance for indicating independent features
from different semaphoronts (Heming, 2003). For example, the pupal mouthparts of Culicidae are extremely
elongate and extend to the apex of the wings and then curve dorsally, following the rounded margin of the wing.
Outgroup comparisons indicate this condition is unique within the Diptera and a synapomorphy of the family.
Clearly, this pupal feature is directly related to the presence of elongate mouthparts of the adults and therefore the
two are not independent indicators of relationship. This example is obvious but there are many that are not and
require detailed study and interpretation. The pupae of Simuliidae have an elongate posterolateral extension of
tergite 1 that is unique within the Diptera. Further study, however, indicated that it contains the developing elongate
setae of adult tergite 1, a feature of the adult previously recognized as a synapomorphy of the family. These
features in the two life stages are directly related developmentally (Borkent, 2012). Many characters are
interconnected structurally and developmentally and such information is critical to a valid interpretation of the
significance of proposed synapomorphies.

Finally, limiting character state information to mere lists and matrices often makes characters seem simpler
than they are, which produces a loss of information. Character states need to be discussed because many (all?) are
more complex than just a short descriptor and a numeral. For too many authors it appears that the character states
described in their species descriptions for two or more species are those to be plugged into their matrix for
phylogenetic study. This approach does an end run around the problem of what a character is. Further to this, it is
far more interesting and valuable to us to understand an author’s presentation of the actual character states utilized
in a given phylogeny (e.g., Amorim & Rindal, 2007; Borkent, 2014; Brown et al., 2015; Courtney, 1991, 1994b;
Harbach & Kitching, 1998; Sinclair & Cumming, 2006), than solely a numerical value representing the features
present on a node.

4. Character Weighing
"Have no fear of perfection - you'll never reach it" Salvador Dali

Probably in common with all systematists, | regularly find myself explaining to non-specialists what it is that |
do. I explain my role in finding and describing new species and revising our understanding of the old. I describe the
thrill of discovery and the intimacy of characterizing and naming a species for the first time and just how many
species there are that yet need names. I often relate the excitement of knowing that every part of the specimens |
examine has a function and an evolutionary history. As evolutionary biologists we have come to understand that,
with sufficient study, the peculiar features we see most often have a peculiar and significant story that is embedded
in the evolution and natural history of that species. The weird hind wings of Diptera function as gyroscopes,
allowing magnificent feats of flight, especially by higher lineages. The long, piercing mouthparts of mosquitoes
allow each female to explore and find subcutaneous capillaries. The list of such adaptations is long and tells us that
when we discover new features of unknown significance, it is only a question of lack of study. It is a provocation to
discover what their function and evolutionary history might be.

This reality reflects a fundamental aspect of character interpretation and analysis that concerns the relative
value of a character state in indicating phylogenetic relationships (Wheeler, 2007). It is already clear to dipterists
that the length and colour of setae are in general relatively poor indicators of relationships, while the presence of a
puparium is a more secure and better predictor of additional synapomorphies and the phylogenetic position of
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further taxa. As noted above, thorough and extensive outgroup comparisons often allows for the identification of
which features are homoplastic and which may be strong synapomorphies. This, of course, does not include all
features and there are many of less certain interpretation (e.g., some homoplasy in some related taxa or ingroup
conflict). What about other criteria to determine relative worth? Although rarely discussed today, earlier years saw
numbers of authors discussing and analyzing the problem (Hecht, 1976; Hennig & Schlee, 1978; Neft, 1986;
Sharkey, 1989; Schlee, 1976; Wheeler, 1986). In summary, they described at least the following important factors
as evidence for considering the relative weight of a given character.

1. Character state distribution (consistency). Broad and extensive comparisons with a maximal number of taxa
increase the likelihood of correct interpretation of character state polarity.

2. Morphological complexity. Increased complexity increases confidence of interpretation of homology and
stronger evidence of polarity.

3. Functional complexity. Shared complex function of a morphological character increases the likelihood of the
valid interpretation of apomorphic states. Those features affected by common ecological parameters are lower
weight.

4. Developmental pathways. Complex development suggests increased confidence of character states as
apomorphic.

5. Distinctive behaviours. When tied to apparently derived morphological features, distinctive behaviours may
provide additional evidence for higher or lower weight of that feature.

6. Correlation of characters. Greater number of synapomorphies at a particular node increases confidence in
interpretation of each of these as synapomorphic. Although not generally discussed, this criterion requires
serious consideration of whether the character states considered are truly independent.

Some authors have complained that such weighing is not objective but depends on a subjective appraisal by the
researcher. This objection is likely true, but only in a mathematical sense. The problem, however, lies in the nature
of characters themselves. Enough groups of organisms have been studied since Linnaeus (1758) that it is clear that
certain features are better indicators of genealogical relationship than others in every well-understood group (e.g.,
bones and teeth of mammals). Identification of such high-weight character states result in stable nested sets of such
characters and corroborate their interpretation as high-weight. Such a broad pattern of agreement shows we can
expect the same from more poorly understood groups. Nelson & Platnick (1981:304) pointed out some time ago
that "systematics in general consists of the search for defining characters of groups". Simply ignoring the problem
and treating all characters as equal may have the pretence of mathematical objectivity but that approach certainly
provides impoverished results that are out of touch with reality (Williams et al., 2010).

When some characters are treated as being of higher weight (and especially if this is discussed), the claim of
lack of objectivity by some suggests that we are left with an arbitrary system in which the next researcher can
simply reweigh the characters or treat other features as more significant. Not so. If the arguments for considering
certain character states as superior indicators of phylogenetic relationship are presented explicitly, the next student
of the group can understand the reasons for the previous decisions and further test the concepts. Other hypotheses
might be presented and that is how science progresses. There may be some standoffs but in most groups pursued in
this way, a consensus appears as to which character states are the better indicators of relationship within a broader
context of a growing system of nested sets. These are the characters which provide stable and predictive
phylogenies.

SUMMARY: Some synapomorphies are better indicators of phylogenetic relationships than others. A goal of]
systematics is to identify these (high-weight character states) to produce predictive and stable phylogenies.

An obvious problem of using weighing criteria in providing a non-numerical estimate of the merit of a given
synapomorphy is that they cannot be used as such in current practice. While numerous programs do have a
mechanism to designate higher weight to a given character state, it is unclear what weight should be given. My
understanding, based on my own experience and the confessions of others, is that a feature thought to be a unique,
distinctive, developmentally and morphologically complex synapomorphy is given incremental weight within a
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study until the resultant phylogeny provides the relationship desired. Although having the appearance of objectivity
(because it is mathematically presented), actually the process and reasoning of the author is generally opaque. It is
clearer and would be better understood if authors discussed what they have done and why and it is that information
that can help the next researcher pursue the study of that feature (perhaps it was not as distinct, complex or unique
as previously thought) in relation to other character states (e.g., Amorim & Rindal, 2007; Jaschhof, 2011).

Every systematist picks and chooses the characters that will provide evidence of species differences and
character states that may provide evidence of phylogenetic relationship. It is one of the reasons that we know more
about the nature of the mouthparts of adult biting Diptera and the details of male genitalia than we do about the
states and distribution of many thoracic sclerites. Under the guise of objectivity, some systematists imagine that
character selection is a value-neutral process (or at least they wish it was), as if the totality of the organisms have
been thoroughly scrutinized and included in analyses (the dream of phenomics). Aside from philosophical
objections to phenetics and its descendant algorithms (Williams ez al., 2010), in fact it should be a primary goal of
every phylogenetic study to search for those particular synapomorphies that are high-weight (Schlee, 1969). It is a
sad state of affairs when the only features a group seems to provide are those of wing pigmentation and number of
setae; those are taxa which cannot be confidently interpreted. However, the Diptera are rich in strange and weird
adaptations that can provide solid evidence for many (but not all) nodes. The halter of Diptera, cyclorrhaphan
larval mouthparts, and the articulated pupal terminal processes of the pupae of Chaoboridae and Culicidae are all so
distinctive, unique, and morphologically complex that they each certainly evolved only once. When other, more
simple, features conflict it should provide us with insight as to the evolutionary flexibility of those more simple
character states (i.e., their susceptibility to homoplasy). Otherwise, we are caught in an endless cycle of introducing
further minor features that will continuously change our phylogenetic conclusions (Jaschhof, 2011). This should be
embarrassing to us as scientists. Of course, 'good' taxonomists have always recognized (and looked for) such
features (e.g., Yassin, 2013) and it is one of the reasons that our system of families and most genera have survived
from pre-Hennigian times. The more refined logic of cladistics has supported most of these earlier understandings
of relationships, dependent as they were on one or more 'strong' features. It has only been in recent years, with the
addition of often poorly understood features analyzed with the ‘objectivity’ of parsimony programs that some
significantly and often wildly varying phylogenies have appeared in some groups (more on this below). Without
proper weighting, confusion reigns.

In this regard it is interesting that in fossil work, many systematists do not complete a matrix of equally valued
character states but zero in on those features that group them with other taxa known to them (i.e., higher weight
synapomorphies) (e.g., Dikow & Grimaldi, 2014; Grimaldi, 2016; Oberprieler & Yeates, 2012). Even when a
matrix is used to elucidate the position of fossils, discussion in the text most often refers to specific
synapomorphies as strongest evidence of relationships (e.g., Arillo et al., 2015; Grimaldi & Barden, 2016). There is
a general recognition that measuring setal lengths and antennal/head width ratios will not likely indicate their
proper (i.e., correct) position within the cladogram of extant taxa.

Just as we have discovered that earlier studies, highly selective of features (e.g., Edwards, 1926), were
predictive in the discovery of further synapomorphies and the phylogenetic position of new taxa (extant and fossil),
there is every reason to believe that a similar approach would continue to be predictive (Schlee, 1969). Aside from
this evidence from well-understood groups (e.g., stable for decades), the congruence in many groups of high-
weight features in different life stages is strong evidence that the selection of such features should be the first line
of investigation and the center of argumentation to resolve phylogenetic problems.

5. Parsimony

"The real purpose of the scientific method is to make sure nature hasn't mislead you into thinking you
know something you actually don't know." R. Prsig, Zen and the Art of Motorcycle Maintenance

Occam’s Razor, stating that “among competing hypotheses, the one with the fewest assumptions should be
selected” is fundamental to scientific thought. For evolutionary biologists this means that the most likely
phylogeny is the one that makes the least assumptions and provides the simplest interpretation of relationships as
indicated by the data. The standard for the portrayal of the distribution of character states within a given group is a
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matrix. This useful format provides the basis for a variety of software analyses to produce one or more
phylogenies. It provides an explicit and valuable presentation of data and allows for the simultaneous analysis of
large datasets. How the data are interpreted varies between authors and programs utilized and presents challenges
as to whether they deduce authentic historical, genealogical relationships.

As developed by numerous mathematically inclined evolutionary biologists over the past 30 years, we are
presently in an age where the phylogeny with the least assumptions is one in which all character states are treated a
priori as equal in their value. Aside from questions regarding the extent of the outgroup and the problem of
defining a given character and its weight discussed above, there is the question of what is the simplest answer to a
pattern of synapomorphies. If a systematist has no idea as to how distinctive a synapomorphy is (because of limited
outgroup comparisons) nor the function or development of any of the character states in the analysis, it may make
sense to let a program decide on the simplest pattern, treating them all as equal. But this is an unfortunate state of
affairs, reflecting the limitations of the study and we hope as scientists that with further investigation, certain
characters will be understood as more complex than others and that further outgroup comparisons may indicate that
some are more susceptible to homoplasy than others (Hennig, 1972; Schlee, 1978). A maximum parsimony tree
based on character states of equal value should be understood as a group that is poorly understood and its
phylogenetic pattern should be viewed with high levels of scepticism.

A few years ago at a Diptera congress I noted to a colleague that I did not believe the current presentation of
the phylogenetic relationships for a group of Diptera families. The self-assured response was "science isn’t about
belief but about the objective analysis of the data”. Yes, of course science is about objective analysis, but if the data
input and analysis is restricted to certain models, we will only get the limited answers that are predicated by those
models. My statement of belief was based on the first-hand comparison of many of the taxa in the problem area,
convincing me of certain homologous character states, of characters I considered to be highly unlikely to have
evolved more than once.

In my experience, those who are immersed in mathematical models of phylogenetic analysis challenge those
who are not by asking “Who are you to determine the weight of a character state?”” and indicate that such decisions
are subjective and antithetical to parsimonious analysis. The answer to that question, which may intimidate a
student new to the group, is rather simple: I am a person who has examined thousands of species and their
morphology, in various life stages, and have spent significant time with living organisms watching their behaviour.
As such | have gained a measure of confidence as to which character states are homologous and are particularly
important to the diversification of my group. Just as the placenta, shape of the uterus and the form of teeth are
fundamental to understanding the monophyly and diversification of the mammals, an expert understanding of a
large group certainly provides a person with a better understanding of the various characters fundamental to the
diversification of its included taxa. Under the guise of the current model of parsimony, we have institutionalized a
level of absurdity. We have forgotten that characters DO vary in their phylogenetic importance, that features are
often interconnected structurally and developmentally and that they have a function (which can provide strong
evidence of unique adaptation).

An important point regarding the use of high-weight synapomorphies in well-established groups is that they
result in predictive phylogenies. Such character states result in stable and often complex series of nested sets. When
strong synapomorphies are present in different semaphoronts such as larvae, pupae and adults, the confidence that
these reflect true historical relationships is high.

It is clear that our understanding of most of the character states of most insect groups is elemental and that we
do not have a clue as to what most character states might be for, their development, nor the internal components
(e.g., muscles) of those character states. This is only because our systematics is yet young, our groups often have a
huge number of species, and most of us are the first explorers of the taxa at hand. Such ignorance, however, is not
an excuse for avoidance. We should look to well-understood groups as models of what to look for in the taxa we
study and recognize that parsimony is NOT treating every character equally but is actually an active and hopefully
successful search for those features most indicative of phylogenetic relationships.

Parsimony within phylogenetic systematics is therefore not a minimalistic crunching of numbers of character
states but the simplest explanation of a more complex and rich pattern in which some character states are clearly
better indicators of relationship than others. For example, there can be little doubt that the articulated, membranous,
three-ribbed, articulated terminal processes at the apex of the abdomen of pupae of Chaoboridae and Culicidae
(Borkent, 2012, figs 26D, E) are not only very similar in detail (e.g., chaetotaxy) but are complex and unique
within the Holometabola (other nematocerous Diptera and orthorrhaphous Brachycera basically have unarticulated,
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V-shaped, solid (not membranous) terminal processes). They are of fundamental importance to a unique mode of
swimming (a somersaulting movement that flips the pupa through the water). A conflicting “synapomorphy”
interpreted as “predaceous larvae with prehensile antennae” is present in Chaoboridae and Corethrellidae (Forster
et al., 2016) but the details and mode of action appear to differ markedly in these two families (Borkent, 2008:206).
As such, the most parsimonious explanation is that the pupal terminal processes are certainly the better indicator of
relationship. Such an interpretation demands detailed explanation in text and is beyond the capabilities of a matrix
and maximum parsimony tree. Comprehensive explanations should be a hallmark of our work as systematists.

SUMMARY: Arguments about differing phylogenies should concern the character states themselves, rather than
various levels of mathematically determined parsimony. There is no biological basis for mathematical values to be
applied to various nodes of a phylogeny.

The popular portrayal of tree length, consistency indices, retention indices and Bremer support values,
amongst others, portray the facade of objective analysis in part because many other areas of science have advanced
in concert with mathematical applications, not only in the 'hard' sciences of physics, chemistry and astronomy, but
also in ecology, physiology and other areas of biology. However, it is my contention that the mathematical
evaluation of a set of characters in phylogenetic analysis is meaningless in the face of the impossibility of
providing an objective value to a given character’s relative value in indicating phylogenetic relationships. Such is
the nature of our studies. Characters, although treated mathematically are not really 'equal’ in any biological sense
of the word. Additional problems with defining a given character means that morphological phylogenetists will
always need to make somewhat subjective decisions, that will, if they are on the correct path, lead to a
parsimonious conclusion, one that will eventually most simply explain most of the facts. If our work is defined by
the need to express ourselves entirely in mathematical models, we will eventually be restricted to a distressingly
simplified and inaccurate version of what evolution has done in our groups.

If character states do vary in their value as indicators of relationship (as they surely do), various measures of
the mathematical values of these differences are arbitrary (i.e., subjective) and give a false sense of validity to a
given cladogram. In my opinion, this is one of the reasons that so many systematists today avoid discussion of the
synapomorphies utilized, character weighing and the definition of what a character actually is. To do so is to admit
that the mathematical values associated with presented trees are artificial and obscure the real issue at hand, that
being the quality (or weight) of each of the synapomorphies discovered.

A particularly distressing phenomenon produced by the mathematical analysis of phylogenetic trees has been
the proclivity for systematists to place high accent in terms of time and concern on the appraisal of conflicting trees
(Wheeler, 2008b). In contrast to this exercise, when conflicts in character states occur, the first and most important
step is to go back to the specimens and examine once again the character states to reappraise the hypothesis of
homology, checking the details to confirm whether the state is truly homologous or not (Hawkins, 2000; Schlee,
1978). It is my strong experience that a second (and sometimes third and fourth) appraisal provides further
evidence for or against homology and a clearer resolution of the phylogeny. When characters truly conflict it is
clearer and therefore more amenable to further study to describe the conflict in text (with the character states
involved) than to bury it in the presentation of mathematically defined phylogenies as is current practice. The
question of the most likely phylogeny hangs on the valid interpretation of the character states involved (including
their relative merit).

The amount of time and effort to understand the characters themselves is reflected in the quality of the ultimate
phylogeny produced. It is hard work to study character states in depth. The current simplicity of plugging in any set
of features into a matrix and generating a phylogeny is fast, easy, fun, and most likely nearly always wrong. There
is no replacement for really understanding the morphology, development and function of a feature, within one's
group and in a broad outgroup. In my experience a single feature often takes several days (or more) before I am
confident of homology and its polarization. This process is rarely taught to students anymore. The thrill of the
conclusions surpasses the grunt of careful study. It is as if we have taxonomic ADHD, unable to spend the time to
really get to know our groups before leaping to the conclusion (and/or accepting this in others).

There is another serious problem with the current presentation of parsimony trees (and its permutations),
especially when character states are not discussed. Each program as currently used has numbers of options, with
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many having variable settings. For example, TNT (Goloboff et al, 2003) has sectorial searches, ratchet (up/
downweighting probabilities set to variable percentages, with varying numbers of replicates), tree drifting and tree
fusing, various search parameters, number of most parsimonious cladogram(s) to be found, the maximum number
of trees to be held, how multistate should be treated and GC (Groups present/Contradicted) settings, amongst
others. Many of these options are poorly understood by most (in my experience of asking for further explanations)
and are largely based on blackbox computer algorithms. There are two serious issues with these options. First is
that most users don't understand exactly what is happening with their data. Second, embedded in such analyses is
the strong possibility that future researchers will have no clue as to how the data were actually managed (i.e., what
the resultant phylogeny actually portrays). For example, Saether (2000) in his analysis of the families of
Culicomorpha, noted that “Parsimony analysis was performing using PAUP 3.1.1 and MacClade 3.06 on a Power
Macintosh 8200/120. All searches with only family data were performed using the branch and bound procedure.
When Chironomidae was divided into subfamilies, heuristic searches with 1000 replications were performed under
different options. The cladograms were compared using MacClade 3.06.” This procedure likely cannot be repeated
by current scientists and the details of the analysis are therefore uncertain. In science, the ability to replicate
analyses is a vital and important aspect of verification and revision. Future systematists will wonder how we
handled our data and what it means, especially when character states are merely listed simplistically. Systematists
are not like astrophysicists who continuously refine their methods to update what is known about the universe.
Revisions of taxa often stand alone for decades before another person works on the group. Surely we are motivated
to have our readers, years down the road, understand what it was that we did.

SUMMARY: Computer programs for analyzing matrix data are complex, with many options, many of which are
poorly understood by most systematists. Many of these programs are quickly outdated, making repetition of older
analyses difficult.

Because of the present focus on the resultant tree, whether it is maximum parsimony, strict consensus, or
majority rule, most papers indicate only values on the resultant tree(s) that appraise the distribution of the character
states. Too few authors show the actual character states supporting a given node and thereby produce another level
of opacity, leaving the interested reader wondering about what the actual synapomorphies might be for a given
node. This makes it very difficult to appraise a given phylogenetic presentation if one wants to know the actual
synapomorphies supporting the conclusion. To those who know nothing or little of the group, knowing what
character state supports what node may not be very important because they don’t have the knowledge to evaluate
the character states utilized (nor do they have any hope of learning more in this regard). As it stands, Yeates' et al.
(2007) statement that "Dipteran systematists are today much better able to determine the relative support for
competing hypotheses of relationship" cannot be considered realistic — in fact we are in an increasing fog of
uncertainty regarding those competing hypotheses.

6. Genomes vs. Phenotype
"The answers you get depend upon the questions you ask" Thomas Kuhn

Genomic studies often give the pretence of providing final answers to phylogenetic relationships and faith in
the model is often in the realm of religious conviction. The past 35 or so years have seen a marked advance in the
influence of gene-based phylogenies. Beginning with sequences of a single gene for a taxonomic group, which
“proved” various relationships that were often vehemently denied by morphologists (e.g., bats evolving at least
twice, gorillas being the sister species of humans, etc.) to the debates among geneticists when second genes
provided conflicting patterns, to an increase in the number of genes utilized, always indicating accurate results and
always providing new and fresh phylogenies (Kjer ef al., 2016). Today we are still on the border of the Promised
Land with the assurance that transcriptomes, representing complete sequences of a group of mRNA molecules, will
provide access to the final answers (Jiménez-Guri ef al., 2013). For many this has been applauded and accepted, in
spite of the often strongly fluctuating conclusions from one study to the next. Now that total transcriptomes in at
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least some groups are providing some irregularities (e.g., Ferndndez et al., 2016), there is the ever-present caveat
that this will all soon be sorted out (although Kjer ef al., 2016 invoke a fundamental scientific premise and warn
that merely more data may not provide better answers). Yeates ef al. (2016) for example, state “We predict that
insect phylogenomic analyses will become much more sophisticated, and produce more reliable results, in the near
future”. It appears however, that nature is more complex than the sequences might suggest and there are obvious
and often confusing complications (Nelson & Buggs, 2016). Although the idea that nested sets of mutations has
merit (if properly polarized) (Sperling & Roe, 2009; Kiick & Wégele, 2016), this is not the process that is currently
implemented by molecular systematists (more on this below).

This pattern of changing and unreliable analyses alone should give us pause. Earlier concerns regarding the
fluctuations in phylogenetic conclusions based on sequences resulted in a “whole evidence” approach that
incorporates both morphological and molecular data (Yeates et al., 2007), a development that was largely a result
of too many earlier molecular publications giving poor, but proudly proclaimed, results. It reflects a time when the
protestations of morphologically-based cladists were scorned and ignored as dated and irrelevant (Crisci, 2006).
Some of that elitist attitude is yet prevalent among many in the molecular arena, often accompanied by a poor
understanding of the morphology of the organisms being studied. A number of years ago the National Science
Foundation in the United States began to require molecular phylogenetic studies to include a systematist who knew
the morphology of the group, presumably in the hopes of providing better phylogenetic results. However, this was
sometimes seen as a reluctant ‘add-on’ to the otherwise purported more rigorous and definitive molecular portion
of the study. Published results testify to this perspective: many 'whole evidence' papers combine a limited set of
morphological features with a much higher number of molecular characters, effectively excluding any significant
impact of morphological evidence, or present complete sequence analyses with commentaries on selected
morphological features.

SUMMARY: Molecular sequence analyses have been volatile, producing inconsistent phylogenetic results over
the years.

Molecular sequences have the appeal of simple character state values (A,C,G T and/or A,C, G, U) and bulk of
data (hundreds, thousands and more base pairs). This simple data form lends itself to mathematical analysis (rightly
so) and thereby (wrongly so) suggesting a high level of objective confidence. Morphological characters are often
difficult to define, complex in their development and present challenges in interpretation (and take more time to
explore). However, the morphological characters we study are emergent properties (Brower, 2016; Stevens, 2000),
the product of genes and development in a continuously changing environment, including within the cell,
surrounding cells and tissues, and the environment outside the organism. For example, the human genome has only
about 21,000-23,000 genes while the human brain holds at least 100,000 different organic chemicals (Rose, 2005).
It has been clear for decades that there is a marked discrepancy in complexity between a tabulation of numbers (and
sequences) of genes and the phenotype of the resultant organism. Part of the reason, of course, is that genes can
work in different combinations as well as at different times during the development of an organism. A molecular
sequence is, as such, a comparatively simple portrayal of what is actually being performed by those genes. It is
more than reasonable to expect, therefore, that the complexity of morphology, with its underlying intricate and
complex gene action, would provide a surer basis for accurately understanding complex synapomorphies that
would result in more accurate phylogenetic relationships (Wagner, 2014; Wheeler, 2008b). The evolution of the
larval form of the Holometabola, with its underlying phenomena of setting aside embryonic cells by the embryo for
later development of adult structures is so complex that there can be no doubt that it indicates the monophyly of
this group. The molecular sequences that ultimately determine this phenotypic expression are much simpler by
virtue of their expression as part of a DNA and/or RNA molecule. The action of the genes involved in this regard
can be expected to be complex and will be a fascinating source for understanding the development of such a
synapomorphy.

There is another problem of fundamental importance. It appears that molecular studies have lost the
fundamental cladistic tools of Hennigian logic to determine their results; certainly there is no evidence that the
results are cladistic in any traditional sense of the word. As Mooi & Gill (2010) and Williams & Ebach (2010)
strongly argue, there is an absence of evidence of synapomorphies when molecular results are presented. Indeed,
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the use of the terms "synapomorphy" and "plesiomorphy" are virtually absent from the literature on molecular
phylogenies (but see Nelson & Buggs, 2016). Kiick & Wigele (2016) have recently shown how nearly all
published molecular sequence analyses are fundamentally flawed because of a lack of consideration of
plesiomorphic/apomorphic states. Likelihood analysis, the current method of choice for sequence analysis, is a
complex mathematical construct that utilizes one or more of a plethora of available programs to organize the
information. Those using such complex programs as, for example, Modeltest 3.7 (Posada & Crandall, 1998) feed
sequences into the program which then determines which of the 56 different models are “best” for the data at hand,
using neighbour joining at least in part. This process, with at least some underlying phenetic components, is
complex and how data are handled in detail is largely opaque to most phylogenetists.

SUMMARY: Most molecular sequence analyses are phenetic, not cladistic and lack any identification of]
synapomorphies.

Parsimony analysis of sequence data is being used in some molecular studies but the method has been rejected
by many molecularly-based systematists because it is less reliable in various simulation studies (e.g., Anderson &
Swofford, 2004; Hall, 2005).

When Hennig (1950, 1965, 1966) showed the importance of distinguishing plesiomorphic and apomorphic
character states, he provided the means to determine whether a grouping of taxa was based on plesiomorphic or
apomorphic features, and therefore allowing the recognition of those autapomorphic taxa that belong to a group of
less derived taxa and those based on symplesiomorphy. He indicated that this was the only rational basis for
constructing phylogenies. In short, he showed that phenetically-based phylogenies were logically flawed (Williams
et al., 2010). In my experience, however, most molecularly-focused colleagues cannot identify lineages based on
molecularly-based synapomorphies, seem to be puzzled by the question, and have left concern for synapomorphic
character states behind.

Some groups of organisms (and/or some included lineages) appear to have a paucity of morphological
synapomorphies that might indicate their relationships, leading to increased emphasis on molecular methods.
However, when a rigorous method such as Hennigian cladistics fails to uncover logically based synapomorphies, it
is misleading to turn to another method of questionable reliability and logic to propose phylogenetic relationships
(if these cannot hypothesize synapomorphies) (Cruickshank, 2011; Kiick & Wigele, 2016). The correct response is
to confess that there is not sufficient evidence to resolve such a group (or particular nodes). It should be kept in
mind that for the vast majority of Diptera, our knowledge of morphology (external and internal) is extremely
limited (Wheeler, 2008b) and there are huge research opportunities for detailed study to provide more (and better
understood) characters for further phylogenetic analysis (e.g., Brown et al., 2015; Sinclair, 2013; Tachi, 2014;
Wipfler et al, 2012). So too, some distinctive genes or characters within them can be understood as
synapomorphies.

Molecular sequence analyses have become increasingly complex, to the point that it is highly doubtful that
morphologically-based, and likely many molecularly-based systematists can understand what the methodologies,
let alone the results actually mean in any sort of detail. As an example, Caravas & Friedrich (2013), in their
materials and methods state that for tree analysis “Custom Perl scripts (available upon request) using BIOPERL
(Stajich et al., 2002) and BIO::PHYLO (Vos et al., 2011) were written to parse tree data and generate summaries”
and for tree congruence testing “Tree topologies were evaluated using the Kisihino—Hasegawa (KH) test (Kishino
& Hasegawa, 1989) and the Shimodaira—Hasegawa (SH) test (Shimodaira & Hasegawa, 1999) with RELL
multiscale bootstrap resampling (Kishino et al., 1990) as implemented in PAUP 4b10 (Swofford, 2003). All sites
included in each dataset were combined into a single heterogeneous partition and assigned a GTR + I + I" model”.
These methods are largely incomprehensible except to a very few. Protocols are regularly changing, often
fundamentally, and their significance is abstruse. As such, the level of communication among systematists in this
arena has decreased to the point that most colleagues are excluded from the discussion (and therefore from the
scientific debate). Morphologically-based systematists simply go back to their microscopes to look at specimens or
need to cooperate with a molecularly-based colleague in whom they blindly place their phylogenetic trust. There is
a critical disciplinary need here for those doing genetic research to clearly communicate their methodology in a
way that translates to the wider literature, rather than relying on the faith of colleagues.
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There is another pattern in published works that suggests sequence analyses may be an unreliable basis for
determining phylogenetic relationships. For studies where authors have little or no first-hand knowledge of the
morphology of taxa being sequenced, the results are often highly irregular and often widely inconsistent with
morphologically-based interpretation. Virtually every morphologically-based systematist [ know has examples of
such stand-alone studies of which they think poorly (i.e., spectacularly off-base). On the other hand, there are
numbers of publications in which both sequences and morphology (at least partially) are examined. Some are
combined studies that partition morphological and molecular characters at least as an initial approach to examine
levels of congruence (e.g., Germann et al., 2010; Hash et al., 2017; Petersen et al., 2010; Rohacek & Tdéthova,
2014; Skevington & Yeates, 2000; Su et al., 2008; Williams et al., 2016). Some others combine the characters,
appearing to effectively swamp the morphological characters with the molecular characters (e.g., Fu et al., 2016;
Gibson et al., 2013; Kirk-Spriggs & Wiegmann, 2013; Téthova et al., 2013; Wiegmann et al., 2011). Yet others
complete a molecular analysis and then discuss the level of congruence with known (or a chosen few)
morphological features or merely compare their results to the current classification of the group (e.g., Cranston et
al., 2012; Curler & Moulton, 2012; Demari-Silva et al., 2011; Grace-Lema et al., 2015; Haseyama et al., 2015;
Hash et al., 2013; Kang et al., 2017; Mohanty et al., 2009; Morita et al., 2016; Pu et al., 2017; Semelbauer, 2016;
Tachi, 2013; Tko¢€ et al., 2016; Wang et al., 2014; Watts et al., 2016). Clearly, for the latter two groups of authors,
molecular analyses were considered a priori as superior to morphological analysis.

SUMMARY: Molecularly-based phylogenies do not appear to be independently derived when strong
morphological synapomorphies are known.

For those authors who partition morphological and molecular data and indicate high levels of congruence, it is
unclear that the results are truly independently derived. Considering the complexity and plethora of options for
analysis of both molecular and morphological datasets, there is a distinct possibility that there are biased choices
being made by authors to make molecular and morphological results appear more congruent than might otherwise
be the case. This possibility is not just conjecture. Behind the scenes, 1 have noted a disturbing and serious bias in
the approach taken in at least some molecular studies that is particularly evident to me working on certain Diptera
but which is likely more broadly distributed (in talking to some colleagues). For at least some of those with a strong
molecular perspective, tentative results are regularly run by systematists who are doing morphological work to see
if the phylogenetic relationships are "reasonable". If so, the results are published as such but with the intimation
that the pattern is solely or primarily the result of molecular analysis. If molecular patterns are not more or less
blessed by a morphologically-based cladist, the results appear to be tweaked, using different models of analysis
until patterns align more or less with morphological understanding. These appear to be published without reporting
any reanalyses that may have been done. This suggests to me a strong uncertainty regarding molecular analysis in
such groups in which there are a significant number of high-weight synapomorphies and a solid morphologically-
based phylogeny (at least known to the systematist, even if not published). It is similarly striking that the nodes in
insect phylogeny that are morphologically well supported are also those well supported by published molecular
results, while those that are difficult to interpret morphologically (e.g., Ephemeroptera, hemimetabolous insects)
have also produced contentious molecular results (Kjer ez al., 2016; Yeates ef al., 2016). In my opinion, it would be
valuable and interesting to test molecular and morphological approaches with a number of double-blind studies to
test their level of congruence.

At the present time, in groups where there is a paucity of morphological divergence (and hence few or no
synapomorphies), such as many plant groups, microbiota and many sibling species groups in most larger taxa,
molecular results are currently presented in such conclusive terms that they are strongly believed by most readers
to be the only “reasonable” phylogenies available and cannot be refuted by morphological evidence. They become
the only source of supposedly accurate phylogenetic information for those working in these arenas. Yet considering
the conflict in many groups where morphological synapomorphies are available, this confidence is likely mislaid.
Phylogenies based on CO! sequences are particularly popular with fellow biologists who are not systematists (and
often have never examined the taxa they are sequencing). These phylogenies may appear to reflect divergence in
recently evolved lineages, where overall similarity may strongly reflect phylogenetic relationships. In such groups
where there are very small morphological differences, it may give the appearance of accuracy. Similarity can often
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reflect phylogenetic relationship. However, it is important to remember that a central point of cladistic analysis is
its unique capacity to identify groups based on symplesiomorphy and those that are confounded by autapomorphic
members within a monophyletic group. If such molecular analyses are acceptable to the community of
systematists, we should also be willing to mistakenly entertain all phenetic studies as valid indicators of
genealogical relationships (and forget about cladistics altogether).

One difficulty as presented by some studies where CO! sequencing and, perhaps, that of another gene or two is
used as a phylogenetic tool is that they often concern relatively small groups of morphologically similar species
such as species groups of Culicoides (Ander et al., 2013; Bakhoum et al., 2013; Bellis et al., 2014; Harrup et al.,
2016; Muiioz-Mufioz et al., 2014; Pages et al., 2009; Sarvasova, et al., 2017; Talavera et al., 2017; Tay et al.,
2016). Morphologically-based synapomorphies are less likely to be evident (or present) in such similar species
groups. If CO! sequences were interpreted cladistically, there may be an interesting test of their reliability. In a few
families of Diptera such as Simuliidae and Chironomidae, polytene chromosomes can be used to identify
monophyletic groups, based on unique rearrangements that can be interpreted in some of these groups as
synapomorphies (Adler et al., 2004; Adler et al., 2016a, 2016b; Senatore et al., 2014). It would be informative to
compare the two methods to determine the degree of congruence and especially so in a group that has been
recognized on the basis of symplesiomorphy or includes an autapomorphic lineage (to see if the CO/ sequences
can identify these).

SUMMARY: Phylogenies based on one or two genes such as CO! are likely phenetic and therefore only appear to
provide reasonable results. There is no apparent evidence they are cladistic analyses.

At least at a broad level, it seems that some gene sequences may be more indicative of relationships (at least of
a certain age) than others (if interpreted cladistically), reflecting a similar state to morphological features that also
vary in their value. With morphological features, there are clues how to at least partially rank the importance (i.e.,
weight) of different features. It is unclear how to determine, a priori, which genes are better indicators than other
genes, other than a general recognition that mitochondrial genes produce more consistent results for recently
evolved lineages than nuclear genes, which are more applicable to older lineages (but see Caravas & Friedrich,
2013). There is, however, even in this, a problem of determining what a recently evolved versus an older lineage
actually is, without knowing what the morphology and fossil record provide.

At present, there is a wonderfully insulated environment for much molecular work allowing for poor results to
be blamed on the use of inappropriate genes, misapplied options, or insufficient sampling, while 'good' results are
the product of proper genes, sufficient taxon sampling and proper programs (models). With the recognition that
some groups change more rapidly than others (and some genes vary in their rate of change during time), there are
no standards to be applied to the unknown group or at least this is done by extension from “successfully”
interpreted groups. This provides a perfect arena for providing perpetual excuses for poor results and laudatory
claims for those that are close to morphological results, or for which no morphological data are available. It is well
past time to provide some independent study to examine whether molecular sequences actually provide testable
and predictive phylogenetic results and that there are actual synapomorphies amongst the sequences. The Diptera,
with their wealth of morphological divergence, are a premier group to compare morphological characters against
sequence data and provide a more rigorous methodology for interpreting phylogenetic results.

In the meantime, we generally continue to confront morphological and genetic differences in results by
burying them in “whole evidence” studies or by the prepublication tweaking of sequence studies. The lack of
clarity in sequence analyses appears to have become standard and the primary hope now has become that the
addition of more data and more taxa will provide “true” phylogenies, all in the absence of the Hennigian logic of
synapomorphies.

Of course, study of sequences is important but depends, in part, on the questions being asked. The many
inconsistencies between sequence and morphologically-based phylogenies could lead to interesting biological
questions regarding the basis for such incongruence (Wagner, 2014). One question, for example, might be “Why do
many sequences indicate unusual (= morphologically unacceptable) phylogenetic relationships?” We have some
answers regarding the problems with earlier results that reflect an earlier lack of knowledge regarding rates of
change of certain genes, fluctuations in rate of change, inclusion of third codon positions, and other phenomena.
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The pattern of phylogenetic incongruence, based on different genes (or combinations) and resulting in trees with
different topologies, has become more and more obvious over the years (Morrison, 2017). It has become clear that
sequences do not provide a straight-forward arrangement of character states that can be easily interpreted. Rather,
the sequences are complex mosaics composed of portions with different phylogenetic histories, producing
phylogenetic incongruence for the different elements of that mosaic. How the position and arrangement of gene
sequences behave is clearly complex and there is an obvious underlying message from geneticists — there is yet
much to learn about sequence arrangements and we may be a long way (and perhaps unattainably so) from
predictably understanding their variation (i.e., being able to use consistent models of interpretation to provide
accurate, testable phylogenies independent of morphological oversight).

SUMMARY: Sequence data may be inappropriate for phylogenetic analysis but distinctive genes can be
interpreted cladistically.

In spite of the present inability of sequence data to give consistent results, there remains a rich opportunity to
use the genes themselves as evidence for phylogenetic relationships (Nelson & Buggs, 2016). For example,
primates have non-functional genes for generating vitamin C, genes that are functional in other mammals (Drouin
et al., 2011; Mukherjee, 2016). As such, the non-functional gene is an additional synapomorphy for these primates.
There remains the distinct possibility that genomic information may give important phylogenetic information when
interpreted cladistically. Nelson & Buggs (2016) point out that the identification of taxonomically restricted genes
allows for the logical identification of such genes as synapomorphic and is amenable to broad outgroup
comparisons. They also discuss how research of such genes has been highly constricted and therefore markedly
underutilized.

The Phylogeny of the Diptera — the analyses by Wiegmann ez al. (2011) and Lambkin e? al. (2013)
"Who are you going to believe, me or your own eyes?" Groucho Marx

The study of the phylogenetic relationships among the families of Diptera has a rich tradition, in which early
workers proposed a number of arrangements (Crampton, 1924; de Meijere, 1916; Edwards, 1926; Malloch, 1917).
Hennig’s (1973, 1981) landmark overview of the Diptera laid out the cladistic basis for the interfamilial (and often
subfamilial) relationships, including data from immature stages and fossils, and it seems likely that the group, with
its wealth of morphological divergence was a strong influence supporting and confirming his theoretical work. In
short, the Diptera make sense phylogenetically when synapomorphies are recognized. Features of adults, pupae and
larvae become congruent at certain nodes when apomorphic and plesiomorphic features are distinguished.
Subsequent morphologically-based work largely supported Hennig’s conclusions, although there was significant
further resolution and obviously plenty of questions remaining for further study (e.g., Borkent, 2012; Buck, 2006;
Courtney, 1990, 1991, 1994a; Cumming et al., 1995; McAlpine, 1989; Michelsen, 1996; Oosterbroek & Courtney,
1995; Pape, 1992; Sinclair, 1992; Sinclair & Cumming, 2006; Sinclair et al., 1994, 2007; Stary, 2008; Wood &
Borkent, 1989; Woodley, 1989; Yeates, 2002).

Wiegmann et al. (2011) and Lambkin et al. (2013) recently published partially complementary results of a six-
year (2004-2009) cooperative effort between 17 different laboratories studying Diptera phylogeny and supported
by an NSF grant of $2.4 million (US). Wiegmann et al. (2011) interpreted the results of a mix of sequence and
morphological data while Lambkin et al. (2013) provided just the morphological analysis. The ambitious goal of
this project was to fashion a phylogenetic synthesis that would incorporate both molecular and morphological data,
building on previous work (especially morphological) and establishing a solid basis to advance further work on the
phylogenetic relationships within the order.

Wiegmann et al. (2011) claimed to provide a comprehensive approach by incorporating both molecular and
morphological data, to produce, as stated by Wiegmann (Kulikowski, 2011), a "Periodic Table" of Diptera
phylogeny. The initial goal of this project was laudable and in the interest of full disclosure, I note that I was
initially pleased to join in this cooperative venture as a dipteran morphologist working on nematocerous Diptera
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when it began in 2004. Most of the work done, however, was molecular, with only three participants working on
the morphological aspect of the nematocerous portion, and with very limited discussion. Indeed, it appeared that
there was little new input on the morphological portion, being largely restricted to previously studied character
states (there was refinement to some of the characters, Lambkin et al. 2013-S4). I also admit that part of my role
was to input more original pupal data, and this was limited to the Culicomorpha (Borkent, 2012).

Once the results came in during the last months of the project, however, I withdrew my name as co-author on
both manuscripts (in May, 2010). Below are some of the reasons for my lack of confidence regarding the
conclusions derived from the studies. This section explains some thoughts behind my dissension for two reasons.
One is to encourage further discussion concerning the phylogenetic relationships of Diptera, one of the truly
outstanding groups of organisms amenable to phylogenetic analysis. The other is to ensure that the broader
community is aware that not all studying dipteran phylogenetics consider the Wiegmann et al. (2011) results as
anything remotely close to a “Periodic Table” of Diptera relationships. These results certainly are not authoritative
and should not to be used as a template for further study, as has been done by many, with almost 400 citations as of
this writing (e.g., Chapman et al., 2012; Dijkstra et al., 2014; Espindola ef al., 2012; Friedemann et al., 2014; Tko¢
et al., 2016; Mitterboeck ef al., 2016; Nagler & Haug, 2015; Pape et al., 2011; Rotheray & Lyszkowski, 2015;
Schneeberg & Beutel, 2014; Schneeberg et al., 2013; Vicoso & Bachtrog, 2015).

SUMMARY: The phylogenetic relationships between the families of Diptera as presented by Wiegmann et al.
(2011) and Lambkin et al. (2013) are seriously flawed and should not be used as foundations for further
interpretation.

So what actually is flawed in the Wiegmann et al. (2011) and Lambkin ez al. (2013) papers? First, both studies
used an exemplar approach to study the interfamilial relationships. This was obviously based on the availability of
material to be sequenced. This makes partial sense when working on genetic features, considering the restrictions
on the number of species with fresh material available and the amount of sequencing to be undertaken. It makes no
sense for the morphological portion. Of the approximately 160 families of Diptera and about 160,000 species
already described, why limit morphological information to 42 species, with each representing one of 42 families?
To exacerbate this, many of the taxa were highly derived members of their prospective families. For example, the
Chironomidae were represented by Chironomus tepperi, a member of one of the most advanced lineages within the
family (Cranston ef al., 2012) and Cecidomyiidae by Mayetiola destructor, also belonging to a highly advanced
lineage (Gagné, 1989; Jaschhof & Jaschhof, 2009). With the morphological portion restricted to just these
exemplars, variation known and present within a given family was ignored, making the analysis easier but the
results strongly suspect. Such is the case, for example, with the treatment of the number of spermathecae present.
The feature is of phylogenetic significance in higher Diptera but in some nematocerous families varies widely and
does not appear informative within this group of families (see below). There is no excuse for not considering the
variation of this and other features within the analysis other than ease of numerical analysis.

SUMMARY: The morphological analysis was based on 42 species, each representing only 42 of about 160
families of Diptera. Variation within a given family was ignored.

Aside from the highly restrained survey of taxa, the breadth of the taxa included (spanning the order) also
presented challenges inherent in any matrix with increasing coverage: some synapomorphies are valid for certain
groups and are highly homoplastic within others.

Any problems with the morphological portion of the study are insignificant, however, in the Wiegmann et al.
(2011) paper because the matrix of morphological character states was not presented. Nor was it clear how the
molecular and morphological data, portrayed as combined, were considered. If each character was considered
separately, the molecular data would have swamped any influence by the 371 morphological features. Aside from
reflecting the distain for the morphological data, the obscurity of the treatment of the data in combination makes
the conclusions suspect.
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Two years later, Lambkin et al. (2013) presented the morphological data for this “first tier” group of 42
families. They also provided the 371 characters alluded to but never presented by Wiegmann et al. (2011).
Wiegmann er al. (2011) intimate in the abstract of their paper that the 371 morphological features were scored for
all the families presented (i.e., 149 out of 157 families of Diptera). Their text, however, indicates that only the 42
“first tier” families were scored for morphology. It should be noted that 76 of the characters were autapomorphic
for a single family at this level and therefore not informative for either of the analyses.

Although Lambkin er al. (2013) state “Here we present the first numerical analysis of phylogenetic
relationships of the entire order using a comprehensive morphological character matrix” they actually ignored 73%
of the families of Diptera, nearly all of which have been incorporated in previous phylogenetic literature.
Combined with the exemplar approach of a single species per family, the result is actually a superficial analysis of
the phylogenetic relationships among those remaining 42 families. It is incomprehensible why such a limited
approach was taken when so much more is known for Diptera. One then wonders how the highly constrained
analysis of the morphological features in Lambkin et al. (2013) affected the “combined” analysis of Wiegmann et
al. (2011). Further to this, many of the most controversial hypotheses on dipteran relationships presented in
Wiegmann et al. (2011) (e.g., position of Deuterophlebiidae, Apystomyiidae and Pipunculidae) were not tested by
Lambkin et al. (2013) because these groups were not represented in their morphological analysis.

During the development of this project, various phylogenetic conclusions were presented based on the data
available so far. Such modifications should be expected during the course of any study. However, this was not a
case of better and better refinement but of often wildly fluctuating conclusions. Such presentations were initially
devoid of the actual character states on the cladogram, making them nearly useless for determining the actual
morphological evidence supporting a given node. In the last few months before the deadline for submission,
requests to receive phylogenies with character states indicated at each node clearly revealed the reason, for
example, why Nymphomyiidae was considered at that point to be the sister group of the Brachycera. This peculiar
conclusion was based on five character states, namely the presence of an adult hypostomal bridge, the loss of
foretibial spurs, the loss of midtibial spurs and the loss of hind tibial spurs and finally, the loss of the maxillary
palpus (the later bringing the Nymphomyiidae close to the base of the Brachycera because the exemplar for the
Acroceridae (Ogcodes basalis) was also missing its mouthparts (but present in some other Acroceridae)). The
hypostomal bridge is poorly understood in nematocerous Diptera (Schneeberg & Beutel, 2011) and is present in
Nannochoristidae; its validity needs new and comparative observations including re-evaluation of the scoring for
this feature by Lambkin et al. (2013) (it is present, for example, in Tipulidae and Culicidae). The remaining four
character states (all losses) were, first of all quite likely related between the three leg characters (evolutionarily
linked and not independent indicators of relationship) and secondly are susceptible to known homoplasy (such
losses occur in a number of other families). Pointing this out resulted in a new placement for the Nymphomyiidae
near the very base of the phylogeny where it was presented as such by Wiegmann ez a/. (2011) and subsequently by
Lambkin et al. (2013). Such changes (there were others) are indicative of a highly vulnerable dataset and hardly the
basis for a “Periodic Table”.

It is interesting to examine the concluding morphological evidence for Nymphomyiidae as the sister group of
all remaining Diptera as presented in Lambkin ez al. (2013). Nymphomyiidae are very small, highly modified flies
that are markedly reduced in numerous features in each life stage (Courtney, 1994a). Five synapomorphies were
presented as indicative of the monophyly of all remaining Diptera, four of which were noted as homoplastic and
one as unique as follows (numbers indicating their synapomorphies; apomorphic state given here in bold):

105 (homoplastic), less than 6 adult abdominal ganglia. More than 6 adult abdominal ganglia are present in
Pulicidae, Nymphomyiidae and Trichoceridae (see Lambkin et al., 2013, file S3, showing missing observations
for 6 of 14 families of nematocerous Diptera).

214 (homoplastic but shown as unique), upper calypter developed. An upper calypter is not developed in the
outgroups, Scatopsidae, Cecidomyiidae, Nymphomyiidae, Phoridae, Lonchopteridae, Diopsidae,
Sphaeroceridae, and Scathophagidae.

272, 273 (both homoplastic), presence of tibial spurs on the foreleg and midleg, respectively. This feature is
homoplastic in many nematocerous Diptera.

306 (homoplastic), female tergite 10 a separate sclerite from sternite 10. Female T10 is not a separate sclerite in
the outgroups Lepidoptera and Pulicidae (but separate in Bittacidae) and the following families of Diptera:
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Nymphomyiidae, Bibionidae, Psychodidae, Scatopsidae, Cecidomyiidae, Anisopodidae, Acroceridae, and
Schizophora except Diopsidae.

Character 105 is known for few nematocerous Diptera and needs more study. Character 214 is questionably
homologous between lower and more derived Diptera. Certainly the absence of the upper calypter cannot be
seriously considered as a synapomorphy— the markedly reduced wing of Nymphomyiidae is missing most of the
wing features present in other Diptera and nearly all other holometabolous insects. Characters 272 and 273 are
significantly homoplastic within a number of nematocerous Diptera families. For example, the foretibial and
midtibial spurs are present or absent within Ceratopogonidae and Blephariceridae. It additionally appears likely
that the tibial spurs of Diptera are homologous to those present in other orders (e.g., Mecoptera). Sternite and
tergite 10 (character 306) are questionably present in many nematocerous Diptera, let alone whether they are
separate or not. Courtney (1994a) did not recognize segment 10 in his detailed study of Nymphomyiidae. Saether
(1977) indicates the presence of a segment 10 in only some nematocerous Diptera. As such, the position of
Nymphomyiidae as sister group to all remaining Diptera is highly suspect, with 3 out of 5 characters due to loss
and the remaining characters 105 and 306 regarding number of abdominal ganglia (possibly neotenic in
Nymphomyiidae; Wood & Borkent, 1989:1345-1346; Courtney, 1994a) and the state of tergite and sternite 10 of
females poorly understood. Further to this, although not indicated on the cladogram, Lambkin et al., (2013; S4)
described the presence of the adult labellum (their character 158) as a synapomorphy of Diptera other than
Nymphomyiidae. Regardless, the absence of the labellum in Nymphomyiidae, with its reduced head and
mouthparts cannot be understood as even weak evidence of their sister group relationship to remaining Diptera.
Conlflicting evidence indicating a different relationship within the Blephariceromorpha is noted below.

SUMMARY: Examination of character states indicating Nymphomyiidae as sister group to all remaining Diptera
indicates these are tenuous at best.

Because of the combination of genomic data for most of the families and the morphological data for only 42
families, some results in Wiegmann et al. (2011) circumvent previously published interfamilial phylogenetic
hypotheses. For example the Chaoboridae and Corethrellidae are shown as sister groups, based solely on sequence
data, as neither were included in the morphological analysis. The systematics and relationships between three
families of Culicoidea, namely Corethrellidae (frog biting midges), Chaoboridae (phantom midges) and Culicidae
(mosquitoes) have been studied in some detail. All three were once considered to be members of Culicidae, then
with Chaoboridae separated and including Corethrellidae and then finally with all three distinguished. The
recognition of Corethrellidae as a distinctive family was based on two synapomorphies which grouped
Chaoboridae and Culicidae but excluded Corethrellidae (Wood & Borkent, 1989). These were the shared presence
of the markedly derived pupal terminal processes (Borkent, 2012: figs 26D, E) and precocious adult eye
development in the larvae of these two families, each of these with a complex morphology that is unique within the
Diptera. I consider both of these features to be high-weight features and it would be entirely untenable to have,
especially, the pupal terminal processes evolve twice. The interesting question is, therefore, why didn’t the gene
sequences indicate the sister group relationship between Chaoboridae and Culicidae? And by extension, what other
relationships were mis-portrayed, in conflict with strong morphological evidence?

ISUMMARY: Previously proposed relationships and their supporting synapomorphies were not discussed.

These, and other conflicts between sequence and morphological data were not discussed by Wiegmann et al.
(2011). It will be difficult to progress in our understanding of phylogenetic relationships between the families if
previous morphological evidence of relationships is not discussed (and either confirmed or reinterpreted). The
Nymphomyiidae, noted above, have been placed with the Deuterophlebiidae and Blephariceridae in the infraorder
Blephariceromorpha by earlier work (Wood & Borkent, 1989; Oosterbroek & Courtney, 1995; Courtney, 1990,
1991, 1994a, b). It is important to understand the fate of the synapomorphies proposed in those works, when each
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of the three families is now placed separately. Again, it is each of those synapomorphies that is the morphological
evidence for or against the placement of these three families. Of course, the main point of Wiegmann et al. (2011)
was the importance of molecular sequences, where the bulk of the paper and its conclusions rested. That the
publication was primarily a molecular study was also understood by such subsequent work as Caravas & Friedrich
(2013), who considered the results of Wiegmann et al. (2011) as entirely molecular, completely ignoring what
impact the morphology might have had.

This project and many others like it (combining sequence and morphological data) often fail to put enough
effort into the interpretation of the morphological characters. There is a propensity to consider morphological data
input into a matrix as rather straightforward and quick. In fact, the opposite is the case. My experience of working
on a given character state is that interpretation of its polarity requires at least two elements. One is the presence of
a good representative collection, so character states can be compared directly and the other is a lot of time, often
several days, to be confident of homology and to determine polarity of one character. Monty Wood and I (Wood &
Borkent, 1989) spent over eight years examining each of the 83 characters we determined and/or confirmed as
synapomorphic within the nematocerous Diptera. Most of these required days of making careful, side by side
comparisons and a great deal of discussion. At the end of many such efforts, a character state was often rejected
because of uncertain homology, or lack of appropriate material (especially of immatures). In short, a major effort to
discover fresh synapomorphies among families of Diptera requires the input from many more dipteran systematists
who know their group(s) than were involved with the Wiegmann et a/. (2011) and Lambkin ez al. (2013) project.
Regardless, in this case, a few more character states would not have made any difference because of the construct
of the analysis.

Lambkin et al. (2013), to their credit, provide a discussion of the recent history of each of the characters used
and explain in part some differing interpretation of those characters. They do not, however compare the evidence at
a particular node against previously published conclusions. As such, it is informative to examine the actual
synapomorphies at a given node presented in their study and the results of their parsimony analysis. Aside from the
Nymphomyiidae discussed above as the hypothesized sister group to all remaining Diptera, the next sister group
relationship indicated the monophyly of the Diptera to the exclusion of Nymphomyiidae and Culicomorpha. This
was supported by three synapomorphies, two of which were homoplastic (numbers from their study) as follows:

248 (homoplastic) Discal or discal medial cell absent (plesiomorphic). Of the 14 nematocerous families
considered, only Tipulidae, Trichoceridae, Tanyderidae, and Anisopodidae were stated to have the derived
condition (cell present). Lepidoptera, where the cell is absent, was stated to have the primitive condition. As
presented, the discal cell therefore evolved independently in Mecoptera (Bittacidae and Nannochoristidae) and in
Diptera other than Culicomorpha and Nymphomyiidae (with subsequent losses). Wood & Borkent (1989, their
character 80) considered the loss of the cell to be derived but pointed out that there have been many independent
losses; they considered it a weak synapomorphy of the Culicomorpha. They understood the feature to be
homologous between Mecoptera and Diptera.

The interpretation by Lambkin et al. (2013), with de novo evolution of the medial cell in the Mecoptera, is
highly unlikely and its interpretation as a synapomorphy of Diptera other than Culicomorpha and Nymphomyiidae
unacceptable. Further to this, the lack of a discal cell in Nymphomyiidae is highly suspicious. The wing venation of
this family is so reduced that the medial vein can only be identified at its base (Courtney, 1994a) and to consider
the absence of the discal cell as plesiomorphic in this family is more than questionable.

318 (homoplastic) Three spermathecae (plesiomorphic). Lambkin et al. (2013) describe the outgroup
distribution of the number of spermathecae as “Trichoptera, Lepidoptera and Mecoptera have one spermatheca and
Siphonaptera one or two (Oosterbroek & Courtney, 1995). The plesiomorphic number of spermathecae in Diptera
is hypothesized to be three, and this number is found in most lower Brachycera and Cyclorrhapha”. It is illogical to
consider the outgroup as having 1 or 2 spermathecae and the plesiomorphic condition in Diptera to be 3. This is not
a cladistic argument.

As presented, 3 spermathecae are present in Bibionidae, Blephariceridae, Trichoceridae, Tanyderidae, and
Tipulidae. The smaller numbers of spermathecae found in other Diptera were further included as synapomorphies
with each scored on the basis of the single exemplar species. The real world is more complex. The number of
spermathecae varies strongly within the nematocerous Diptera. For example, there are actually 1 or 3 in
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Trichoceridae, 2 or 3 in Tipulidae, 2 or 3 in Tanyderidae, 0-2 in Cecidomyiidae and Psychodidae, 1 in
Corethrellidae as sister group of Chaoboridae (with 3) + Culicidae (with 1 or 3) and 2 or 3 in Chironomidae,
making this presented synapomorphy, when all families are considered, presently uninterpretable and for the
families considered by Lambkin et al. (2013), unacceptably interpreted.

Deuterophlebiidae and Nymphomyiidae, as the purported (Lambkin ef al., 2013; Wiegmann et al., 2011)
earliest and second earliest lineages of Diptera, respectively, do not have spermathecae at all (Courtney, 1994a, b).

357 Ejaculatory apodeme absent (plesiomorphic). The character state distribution of this feature by Lambkin et
al. (2013) shows that it is absent in non-Diptera and present in all nematocerous Diptera other than Culicomorpha
and Nymphomyiidae, indicating that it is correctly identified as synapomorphic for this lineage. However, it is
important to know that an ejaculatory apodeme has been previously identified in Mecoptera but there are questions
of homology with that found in Diptera (Sinclair et al., 2007). Further to this, the absence of an ejaculatory
apodeme in Culicomorpha is almost certainly related to the presence of a spermatophore, a different mechanism to
deliver sperm, which is considered a derived condition within the Diptera and quite possibly derived from a lineage
with an ejaculatory apodeme.

This pattern of questionable synapomorphies is scattered throughout the paper. There are therefore, numerous
questions regarding the actual synapomorphies supporting various lineages in Lambkin et al. (2013), accenting the
need to make broad comparisons and to better understand the actual synapomorphies proposed.

TEXT BOX: The monophyly of all Diptera other than Nymphomyiidae and Culicomorpha was based on three
questionably interpreted synapomorphies.

The problem of character delimitation discussed above also impacted the morphologically-based study by
Lambkin ef al. (2013). For example, Keroplatidae and Bibionidae are treated as sister groups based on the
following five character states, all of which are reversals to the plesiomorphic outgroup (to Diptera) state (numbers
= their synapomorphies):

230 - sc-r present

250 - basal medial cell present

251 - bm-cu present

264 — posterior veins of wings well-developed
364 - male tergite 10 present

All of these are homoplastic, even within some families, and obviously the first four are wing characters that
could easily be related to each other and therefore likely not to be independent indicators of relationship. This,
therefore, impacts Bremer support values, as well as the analysis itself. The presence of tergite 10 in males is true
of a number of other families (see their matrix). There are too many other instances of such presented evidence (as
with the loss of fore- and midtibial spurs of Nymphomyiidae noted above) and these need to be scrutinized and
reinterpreted.

Some readers will note that nine characters included in the text of supplement S4 discuss conditions in
Strepsiptera. This was a relict of a time when this order was considered as close to Diptera, but was excluded in the
last months of the project due to widespread agreement that the group is related to Coleoptera. It was eliminated
from the matrix (supplement S3) but not from the text, where it is largely unimportant to the discussion of the
character states.

The limits of genomic studies discussed above also apply to the results of Wiegmann er al (2011).
Synapomorphies based on gene sequences are not presented (if they were present), the programs used are opaque to
a large majority of dipteran systematists, and the results presented with fervour but without data (other than the
publicly stored sequences).

This overview indicates that there are serious flaws in both Wiegmann ez al. (2011) and Lambkin ez al. (2013)
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and that there is a great need to go back to the characters themselves, to check their homology, read the pertinent
literature, and to search for further morphological features which will provide more information on phylogenetic
relationships between all the families of Diptera. The Wiegmann er al. (2011) paper may indeed have been a
“Periodic Table” but only in the sense that if this approach continues, we will indeed see new and questionable
phylogenetic arrangements on a very periodic basis.

How are We Serving the Next Generation?

Peter: "You see, 1 don't know any stories. None of the lost boys know any stories."
Wendy: "How perfectly awful". Peter Pan, by J.M. Barrie.

In March, 2004, I visited La Selva Biological field station in north-eastern Costa Rica. The station is hosted by
a consortium of American universities and provides a number of field courses. While collecting there, I had the
opportunity to meet with a group of 14 fourth-year biology undergraduate and graduate students who were
tremendously excited by the diversity they were experiencing in the surrounding lowland rainforest. I wanted to
discuss broader patterns of diversity and to make reference to, for example, our knowledge of the insects of British
Columbia, where there are about 15,000 named and an estimated 13,000 unnamed species. There are similar levels
of ignorance in much of North America, providing a wealth of research opportunities. By way of introduction I
asked one of the students where he was from, but when I began “When you are in the woods in Pennsylvania .....”
he shook his head, I stopped, and he stated he’d never been in the woods before, nor in any local park in his life.
Being an evolutionary biologist means being familiar with the idea that there is also variation in the human family
but this was rather peculiar. As it turned out, nearly half of the students had never been in nature before.
Admittedly, the sample size was small, but it appears that students increasingly are learning a rather reductionist
perspective of biology and have very limited first-hand experience of fauna and/or flora. This also pertains to first-
hand experience with organisms under the microscope. Surely we cannot expect students, smart as they are, to
develop a broad understanding of nature, and the challenges of interpreting it, without profound and detailed
experiences of nature itself.

The same pertains to systematics. If character states vary in their value in indicating evolutionary relationships
and judging such value depends on understanding their morphology, development, function, and history, there are
many students in systematics today who are ill prepared to interpret observations of the specimens they study
(Crisci, 2006). It is rare to meet a taxonomy graduate today who has had a course in each of the following, all of
which are vital for understanding systematic information: insect morphology, insect systematics, insect
development (including embryology), insect physiology, insect ecology, palacontology (including Mesozoic and
Tertiary eras), and Quaternary and Holocene history. The majority appear to have had a course in insect systematics
or at least a general entomology course, if they are lucky enough to have attended a university that yet offers such
courses. As such, many students who are entering graduate work in systematics appear to be limited to the study of
one stage of the limited group they (or their professor) has chosen, have little understanding of the features they are
examining, nearly all of which have a broader evolutionary context of modification, have trouble understanding the
broader environment in which their species live, and cannot distinguish the Paleocene from the Pleistocene. This
dearth of knowledge markedly decreases the odds of them being able to produce the sort of integrated and
interesting studies that portray a far more encompassing evolutionary understanding of their groups.

TEXT BOX: The training of young systematists should include a broad understanding of morphology,
development, function and history of insects. Earth history should also be part of every systematist's background.

A reductionist focus on producing maximum parsimony trees and molecular sequences discussed above leads
many to believe that scoring characters is straightforward and that sequences do indeed provide the best answers to
questions regarding genealogical relationships. There is little emphasis on the need to study a broad outgroup to
enhance the likelihood of correctly identifying strong synapomorphies. This most fundamental of cladistic
principles seems to bypass some students entirely (and perhaps their professors). In conjunction with this, the
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attention span required to spend time really studying specimens (both preserved and in nature) seems to be
increasingly diminished, hand in hand, of course, with a general societal love affair with i-technology. There is a
great need to encourage students to once again spend time with the organisms they wish to interpret before leaping
to programs that can arrange the Os and 1s from their matrices and then to quickly push these through programs to
produce phylogenies.

Further to this, as teachers, it has been challenging to portray what it means for us as systematists to study our
families. While there is a strong need for much broader education, more time spent studying specimens and much
more field work, there are other aspects of doing good science that are also important. Creativity and a creative
environment are vital to produce science that truly tests previous ideas and comes up with new and fresh
perspectives. Each of our groups of Diptera, some more than others, has the potential to uncover valuable and new
insights. The old adage that chance favours the prepared mind has always been true but there is an additional
component that really helps. Immersion in a particular group provides the opportunity for creativity that in turn can
result in falling in love with the beasts we study. It is when students attain this level of involvement, of having a
consuming desire to uncover meaning, that we can expect innovative science.

I am more than aware that there are huge pressures at our universities for professors, teaching large classes,
persistently seeking financial support, accessing ever diminishing institutional resources (especially for field
work), competing with i-technology for the attention of students, and lacking in sufficient staff to teach an array of
courses and more. So too, there is high pressure to publish and provide the evidence of productivity (hence
professor names as coauthors on all published graduate work, regardless of their contribution). There has been a
distressing decline in entomology courses offered at nearly all universities and it appears fewer and fewer students
are graduating and taking up the gauntlet for many of our families. All of these factors limit the essential training of
upcoming taxonomists. Whatever constraints are in place, it is vital that we direct our focus as systematists and
educators on the central questions at hand, the study of actual specimens, their features and phylogenetic
relationships, and the biological significance (present and historical) of those phylogenies. Only then can we
continue to produce comprehensive and meaningful science.

Conclusion

When the people applauded him wildly, he [Phocion] turned to one of his friends and said, "Have I said
something foolish?"—Diogenes Laertius (150 BC).

The systematics of Diptera has seen, over the past few decades, tremendous advance in our understanding of
the diversity and diversification of many families. Numerous species have been described, new phylogenetic
relationships have been proposed and there is a renaissance in the discovery and description of fossils.

However, it is my contention that cladistics has largely become reduced to a computer game that is justified
with conviction because it is simple, self-feeding and nearly immune to outside criticism. It discourages
systematists from making broad outgroup comparisons and from studying the nature of character states (e.g.,
function and development). It further allows for the easy introduction of additional, often superficial, characters to
the analysis to produce yet another phylogeny.

There is a considerable need, therefore, for a re-examination of the central procedures and tenets of analysis.
Characters need to be studied in detail and carefully defined so that they are not overly split into component
elements, biasing subsequent phylogenetic interpretation. Character states vary in their importance in indicating
phylogenetic relationships and can be partially appraised by their complexity, development, function and,
particularly, their distribution in the outgroup. Character state distributions require broad outgroup comparisons to
distinguish those distinctive synapomorphies that are unique (or nearly unique) from those which are repeatedly
homoplastic. Unfortunately, many no longer view these working principles as fundamental to understanding the
evolutionary relationships between taxa, although these were clearly the essential working principles for Hennig
(1950, 1965, 1966) and other outstanding cladists.

Parsimony analysis, as currently practiced, places emphasis on the treatment of character states as equal in
value in determining phylogenetic relationships. Such analysis, however, is minimalist and should emphasize
instead certain synapomorphies that are superior indicators of relationships than others. In spite of years of
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mathematically inclined biologists emphasizing mathematical analysis of data, in reality, there is no biological
basis for assigning a mathematical value to a given synapomorphy. Deduced values such as Bremer support, and
others, provide an apparent means of determining the relative confidence in a given node in a cladogram. However,
it is the character states themselves which need to be appraised as evidence for a given cladistic hypothesis
(Jaschhof, 2011). Congruent character states which are likely to be evolutionarily independent (e.g., a genitalic and
antennal synapomorphy) are better evidence for a given node than those intimately related in structure and function
(e.g., two wing veins). Parsimony analysis needs to be thought of as competing hypotheses involving explicit
discussion of character states and thereby providing the most parsimonious interpretation of a given set of character
states.

There is another barrier to transparency in the analysis of phylogenetic data. The theoretical work done in
phylogenetics over the past few decades by biologists who are mathematically predisposed has produced new
statistical methods and associated computer programs. Both morphologically-based and molecularly-based data
analyses currently depend on complex algorithms which are likely to be mostly a blackbox of options and data
manipulation that is poorly understood by most. The current accent on manipulating various resultant cladograms
to determine those which are “most parsimonious” should be largely replaced with a reexamination of the character
states themselves, in order to clarify which synapomorphies conflict. Without addressing both the nature of
characters and how best to interpret them, nature, in this case phylogenies, can become caricatures made in our own
image and will produce the spectacularly bleak future in which our proposed phylogenetic hypotheses are mere
fabrications of algorithms.

Authors are therefore encouraged to be more explicit regarding their description of the character states being
presented and provide broad outgroup distributions for each of these. Using various programs to analyze data, the
concluding cladograms should clearly indicate what character states support which nodes. Text should discuss each
character state and particular nodes, indicating which appear to be weak (one or more homoplastic features) and
those with high-weight, independently derived synapomorphies. Readers and subsequent students of the group can
then more critically examine the evidence supporting various phylogenetic conclusions.

Molecular sequence work has a long history of providing questionable phylogenetic conclusions, often
changing radically with the subsequent addition of more genes and/or more sequences. In spite of this, there is the
continued, financially well-supported, impetus to continue to add more data to this form of phylogenetic
interpretation. As currently practiced, most molecular studies are either phenetic (distance-based trees) or are
model driven (maximum likelihood analysis) and cannot be considered cladistic (Cruickshank, 2011; Stevens,
2000; Kiick & Wigele, 2016). Because most are not based on synapomorphies, they are, as shown by Hennig
(1950, 1965, 1966), logically flawed. They cannot adequately identify autapomorphic lineages originating from
within a more homogeneous group of taxa or adequately interpret groups based on symplesiomorphy. Further to
this, virtually all sequence studies are clouded by a highly opaque methodology, which makes it nearly impossible
for virtually all morphologically-based systematists, and even many who, at least partially blinded, do use the
techniques, to examine the basis for the conclusions presented.

In spite of continuing uncertainties, faith that molecular techniques will produce accurate phylogenies has
produced two strong trends in phylogenetic studies. The first is the increasing dependency on molecular
sequencing to provide “final” phylogenies. As such, I am uncertain whether others noticed that the “Periodic
Table” of Diptera phylogeny by Wiegmann et al. (2011) did not provide the morphological data they claimed to
have included, in some manner, in their analysis. Those authors do not stand alone as an example of ‘total
evidence’ papers that are clearly biased toward the molecular portion of the paper (e.g., Gibson et al., 2013;
Petersen et al., 2010; Su et al., 2008; Téthova et al., 2013; Winterton & Ware, 2015). The second strong trend is the
unfortunate belief by many non-systematists that phylogenies are as easy to produce as determining a barcode or
another limited set of sequences for each species and popping the results into a program, whether they do it
themselves or farm the process out to someone who knows the techniques and is awarded coauthorship. By way of
example, as far as I can determine, the following publications on Ceratopogonidae, Culicidae and Psychodidae did
not include a systematist who knew the morphology of the taxa at hand: Ander et al. (2013), Chu et al. (2016),
Dixit et al. (2010), Grace-Lema et al. (2015), Karimian et al. (2014), Mohanty et al. (2009), Mufioz-Mufioz et al.
(2014), Norris & Norris (2015), Pages et al. (2009), Sum et al. (2014), Tay et al. (2016), Wang et al. (2014). One of
these, at least, based their study entirely on downloaded sequences from databases to generate their phylogenetic
results (Wang et al., 2014). Unfortunately, this belief in the technique has become widespread, especially in certain
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groups of economic importance (e.g., biting flies), and has become divorced from specialized knowledge of the
groups themselves.

All these issues are evident in the purported landmark analyses of relationships between the families of Diptera
by Wiegmann et al. (2011) and Lambkin et al. (2013). The morphological component, which had a highly
questionable impact on the Wiegmann et al. (2011) study and was superficially treated by Lambkin er al. (2013),
requires a fresh approach incorporating the known diversity of Diptera (all families and including intrafamilial
variation). Molecular work has the potential to add another rich layer of knowledge to our understanding of the
Diptera, but only if it is combined with a deep understanding of character morphology, development and function
and broad outgroup comparisons of each character state. If this is pursued, there is every reason to believe that
Diptera will become one of the outstanding groups exemplifying evolutionary patterns and processes.

Another major concern regarding the current presentation of most phylogenetic results is the ignoring of
previous hypotheses. The Wiegmann et al. (2011) and Lambkin et al. (2013) papers produced a new phylogeny of
the Diptera but did not discuss the evidence for previous, conflicting relationships. This is a characteristic of
virtually all molecularly-based studies and a significant number of morphologically-based works. For example, in
their reassessment of the Wiegmann er al. (2011) sequences, Caravas & Friedrich (2013) state, “Thus, the
organization of the major brachyceran clades should be considered an open question in dipteran systematics...”
and “we conclude that noncalyptrate fly relationships remain tentative and an important challenge for future
studies”. This is simply ridiculous and ignores the important work by, among others, Woodley (1989), Woodley et
al. (2009), and Yeates (2002). If we are to progress in our science of phylogenetic interpretation, it is vital that we
discuss, criticize and reinterpret previous results that are now conflicting. Instead of claims to truth and ignoring
earlier publications, it is critically important that we point out conflicting results regarding morphological
divergence. Ignorance of synapomorphies in previously published literature is no excuse for proposing new
relationships based on either (or both) new matrices and sequences as if they are de novo. Science never operates in
a vacuum, but is an ongoing refinement of hypotheses.

The issues discussed here often result in highly varying phylogenetic conclusions. At the International Congress
of Dipterology in Potsdam in 2014, Dalton de Souza Amorim noted during a panel discussion, “If | were to come
every year to these congresses and present phylogenies of the same groups, denying the ones I published the year
before, I would blush.” Indeed, we undermine our status as systematists if we produce specious phylogenies based
on poorly understood morphological features or yet more DNA sequence data that allow for constant and radical
revision of our phylogenetic conclusions. It won’t be long before others will recognize that our results are so
endlessly flexible as to be inconsequential to their understanding of nature. Our phylogenetic results are only as good
as how thoroughly we have studied and understood the character states making up a given phylogeny.

TEXT BOX: The future of phylogenetic analysis requires detailed understanding of characters and how they are
treated. Parsimony generally requires the weighing of synapomorphies, generating stable phylogenies and the
basis for interpretation of bionomic features and historical patterns of distribution.

This paper is not the first to lament the lack of more rigorous study of morphological synapomorphies and the
misleading results of so many sequence studies. Wheeler (2007, 2008a, 2008b, 2009) has repeatedly called for a
return to the careful and rigorous study of morphological character states and has warned of the dangers of
sequence analysis as presently interpreted. Mooi & Gill (2010) elegantly discussed the situation in fish systematics,
where the focus on trees was to the detriment of the study (and testing) of morphological synapomorphies and the
propensity to increasingly depend on sequences was based on models (and not synapomorphies). Mooi & Gill’s
paper produced a vigorous debate (17 papers in Zootaxa 2946) that is informative and provided examples of the
consequences of not paying sufficient attention to morphologically-based synapomorphies (Britz & Conway,
2011a, 2011b). Another example is a recent morphological study of a group of 9,000 scaly reptile species
incorporating 610 morphological characters indicating that the historical placement of iguanas, chameleons and
their close relatives in the lower branches of the phylogenetic tree is correct and refutes over 10 years of sequence
data indicating that they are among the more derived lineages (Gauthier et al., 2012). Although the current paper
was largely limited to examples from studies of Diptera, it is clear that the methodologies and their associated
problems extend more broadly in at least zoology.
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There is a final reason to re-examine our current phylogenetic practices. Well established phylogenies can
provide a powerful tool for understanding the huge diversity of species present in the order Diptera and how this
has come about. During part of my training as a systematist, my supervisor George Ball would regularly stand up
during the question period after a presentation and ask a poignant question “What is the biological significance of
your work?” —often resulting in a stammering and inadequate reply. It really is an excellent question, which we
should all ask ourselves regularly. The phylogenies we produce call for their use in interpreting the bionomic
features of our taxa, as well as their historical zoogeography. It is the most powerful item in a systematist’s toolbox
and certainly one of the most important contributions we can make to the broader community of biologists. When
Theo Dobzhansky (1973) famously wrote “nothing in biology makes sense except in the light of evolution” he
could have been making the statement directly to our community of systematists. In a time when reductionist
science has come to dominate biology and where modelling often replaces actual study of nature, systematists have
the opportunity to present comprehensive syntheses of biodiversity that transcends any other area of biology. To
generate such insights, we need to renew our understanding of homologous character states, increase our
confidence in resultant phylogenies, and have the skills and drive to interpret what those phylogenies might be
telling us. One of the great opportunities that continues to be present for those studying Diptera is to provide new
and exciting insights into evolutionary patterns and processes. We can only do this if we question emerging
methodologies and build rigorously from the best practices discussed here.
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