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1. INTRODUCTION.
Systematics is the biological discipline, which is concerned with systematizing the multitude of living organisms ('biodiversity'). The focus on diversity distinguishes systematics from biological disciplines (sectors of ecology, physiology, genetics etc) whose principal aims are disclosing general principles/patterns. All of these approaches are, however, inextricably linked between themselves: systematic research may draw heavily on insights in general patterns in nature, while in turn general principles are recognizable only when conditions across a broad spectrum of organisms are known.

  In other words: To understand insects and other terrestrial arthropods the study of a few model organisms does not suffice. One has to have some knowledge also about the millions of other species, albeit not necessarily knowledge as profound as that available for, e.g., the fruit fly Drosophila melanogaster, the hawk moth Manduca sexta, or the desert locust Schistocerca gregaria.

  The issue of insect/land arthropod diversity has for decades now been a topic of lively debate, prompted by a short article (Erwin 1982) on the number of beetles on a single rain-forest tree species in Panama
. The estimated ratios used in Erwin's calculations were partly rather arbitrary and a number of subsequent approaches to the problem have produced very variable results, with estimates for the total terrestrial(/limnic) arthropod fauna ranging from a few millions to close to 100 millions. Probably the most favoured current estimates are in the order of magnitude of 10 millions. In any case, with just about 1 million described species, it is abundantly clear that systematic entomologists are facing a daunting task. Evidently the describing/naming process - which is a challenging exercise in its own right (with considerable demands for patience, scholarship and craftsmanship) - is just the beginning. The principal excitement comes with acquiring detailed knowledge of the structure, life-cycle, behaviour, adaptations, distribution etc of the species, and then establishing their phylogenetic relationships, so that all this information can be understood in an evolutionary context.

2. 'ENTOMOLOGY AND ARTHROPOD PHYLOGENY
The present lecture notes on basal arthropod morphology (as well as those on myriapods and arachnids) supplement the treatment of these subjects in Ruppert & Barnes' Invertebrate Zoology (6th/later editions). The treatment of the systematics (phylogeny & classification) of these groups in the book is somewhat superficial and is not based on the now prevalent cladistic approach. The lecture notes are intended to completely supersede the "Systematic résumé" sections of the book.

  References to Invertebrate Zoology is in the style "RB: 547" (page reference) and "RB: fig. 13-35, p. 541" (figure reference).
  The greek entomon and the latin insectum both mean indented/sectioned and they refer, of course to the segmentation of body and appendages. Linnaeus' 'Insecta' comprised all groups currently known collectively as arthropods. In some academic traditions the term 'entomology' only refers to insects (in a broad sense, i.e., = Hexapoda), but often the study of the other 'terrestrial' arthropods, i.e., myriapods and arachnids, is - as here - is considered part of 'entomology'. A detailed treatment of the relationships between the principal arthropod lineages is outside the scope of the present course. It necessarily requires consideration of the highly diverse (and probably non-monophyletic) Crustacea, as well as of a suite of (partly bizzarre) fossil groups. A brief outline of the main problems will, however, be presented.

  Arthropod monophyly. There is currently near-consensus that arthropods as here delimited (i.e., excluding Onychophora) are indeed a 'natural' (i.e., monophyletic) group, but arthropod polyphyly theories have been in vogue in parts of the biologists' community for several decades, prompted particularly by a seminal review article by Tiegs & Manton (Biol. Rev. 33: 255-337, 1958) and subsequent Manton writings (summarized 1977); the most recent principal advocate is Fryer (Biol. J. Linn. Soc. 58: 1-55, 1996; more succinctly in Fortey & Thomas eds 1997). The RB arthropod classification, which recognizes three main groupings of extant taxa: Chelicerata, Crustacea and 'Uniramia' (comprising Onychophora, myriapods and Hexapoda) is rooted in the 'Mantonian' view.

  Putatively derived character states that can be attributed to the ground plan of the Arthropoda (i.e., arthropod 'autapomorphies', see section 3) include the cuticle structure with sclerites, muscle insertions via tonofilaments traversing the epithelial cells (RB fig 12-5), subdivided ('segmented') segmental limbs, longitudinal musculature subdivided into segmental units with insertions on the segmental borders, muscles cross-striated throughout (in Onychophora only jaw muscles are cross-striated), absence of circular trunk muscles (relation to sclerite formation), head formation, motile cilia present only in spematozoa. 

  Arthropod ‘deep’ phylogeny. The 'conservative' phylogeny of extant taxa is Chelicerata+(Crustacea+(Myriapoda+Hexapoda)).  From the 1990s this phylogenetic model has been challenged by evidence (primarily molecular, but also from neuroanatomy a.o.) for a monophyletic 'Pancrustacea' = Crustacea+Hexapoda. Two volumes edited, respectively, by Fortey & Thomas (1997) and Deuve (2001) provide essential background information, and references, on these issues. 

  Three names have been in frequent use for the Myriapoda+Hexapoda assemblage: Atelocerata, Tracheata and Antennata. The first-mentioned (and arguably the preferable one) refers to the absence, in these animals, of distinct segmental limbs on the head segment behind the antennal segment (and the counterpart of which in the Crustacea bears the 2nd antennae); this condition is indeed a potentially true synapomorphy of the two groups. ‘Tracheata’ alludes to the presence of tracheae in myriapods and hexapods, but it remains very debatable whether tracheae actually were present in their last common ancestor. The tracheae of scutigeromorph hilopods have with certainty been independently evolved – and tracheal systems have been independently evolved repeatedly in arachnids also. 

‘Antennata’ is a complete misnomer, in as much as also Crustacea have (even two pairs of) antennae, and so had some fossil arthropods (e.g. the well known trilobites) that are not closely related to myriapods and hexapods.
  Other potential synapomorphies of myriapods and hexapods include the presence of anterior tentorial arms (to be discussed later, when dealing with hexapod head structure), the absence of a palp on the mandible, the absence of levator muscles of the pretarsal claws (the claw depressor - which originates in the tibia, never in the tarsus! - works against hydrostatic pressure and/or cuticle elasticity; this condition is paralleled in subordinate arachnids), the presence of fat body and presence of Malpighian tubules; the latter are developed from the ectodermal proctodaeum rather than from the entodermal midgut as they reportedly are in arachnids, but both modes are recorded within the insects (and ‘entoderm’ is be a somewhat problematical concept in arthropods anyway).

  A monophyletic Pancrustacea emerges in different scenarios of arthropod evolution. Crustacea and Hexapoda may be sister groups, or the latter subordinate in the former.

  An otherwise conventional topology: Chelicerata+(Crustacea+(Myriapoda+Hexapoda)) is retrieved in a major recent 'total evidence
’ study (Giribet, Edgecombe & Wheeler, Nature 413: 157-161, 2001); note, though, that in the single tree obtained with the preferred settings, the immediate sister group of Crustacea is a bizarre assemblage comprising the primarily apterous hexapod family Japygidae (Diplura), the crustacean Nebalia - and Drosophila!

  Support for a (Myriapoda+Chelicerata)+(Crustacea+Hexapoda) phylogeny was simultaneously published by Hwang et al. (Nature 413: 154-157, 2001), based on mitochondrial protein sequences.

  Yet another model has Myriapoda+Hexapoda monophyletic, but subordinate in Crustacea (Moure & Christoffersen, J. comp. Biol. 1: 95-113, 1996).

  The Lower Devonian fossil Devonohexapodus bocksbergensis, described in early 2003 (Haas, Waloszek & Hertenberger, Org. Divers. Evol. 3: 39-54), is believed by its authors to belong to the hexapod stem lineage. Devonohexapodus has a single pair of antennae and its postcephalic trunk comprises a three-segmented thorax with long locomotory limbs, followed by an abdomen of 35+ homonomous segments with small (but still segmented) leglets; the leglets of the three hindmost limb-bearing segments are modified, backwards pointing. Devonohexapodus was in all probability marine - hence the authors believe the ateloceratan stem lineage was marine as well.

  Hexapod non-monophyly has been proposed on the basis of characters in complete mitochondrial genomes (Nardi et al., Science 299: 1887-1889, 2003); in the analysis in question the Collembola are outside a clade comprising Crustacea+[other] Hexapoda.

  It is abundantly clear from the above that the problems about the interrelationships of the principal arthropod lineages are far from solved by the beginning of the 21st century! (cp also Blaxter 2001).

3. CLADISTICS: A CRASH-COURSE
The contents of the brief introduction (2nd course day) to cladistics will be very familiar to some, but presumably not to all course participants. An in-depth familiarity with these basic principles of cladistic reasoning is a requirement for successful participation in the course.

In order that a useful overview of the multitude of living organisms can be obtained they have to be classified/systematized
. Classifications of organisms could be made according to a variety of criteria (such as size or colour) and many, if not all, of such classifications might indeed serve special purposes.

  However, since all living organisms on Earth are believed to have evolved from a single common ancestor, and hence to be more or less distantly genealogically related, a system reflecting this relatedness would be the preferred one as a general reference system. If organisms are consistently classified according to their relative recency of common ancestry, then the ensuing system will reflect the "one true tree of life", from its early unicellular beginning to the overwhelming extant diversity. This phylogenetic system will have supreme overall explanatory power for getting a handle on the origin of ecological, physiological, behavioural and other phenomena: Where, and how many times have members of a given group invaded terrestrial habitats (or water)? Where, and how many times have parasitic lifestyles been evolved? Etc, etc.

  Now, since nobody has witnessed the entire biological evolution, and since just a small fraction of the previous diversity is conserved in the fossil record, biological systematists are compelled to generate hypotheses on relationships primarily on the basis of extant organisms. There is now a broad consensus that the preferable method for generating such hypotheses is that of cladistics (from the Greek clados = branch, referring to the branching pattern of the tree of life). The method is also known as phylogenetic systematics or the Hennigian method (after the German entomologist Willi Hennig, who shaped the principles of cladistics around 1950).

Relationship
Let us initially examine the concept of relationship. In ordinary language we thereby understand, e.g., parent/child-, aunt/nephew-, brother/sister- relationships, i.e., relations between persons. In cladistics we apply a basically similar concept of relationship - but deal with relationships between species rather than between individuals. 

  Even though there are analogies between personal relations and species relations there are differences as well. Thus the personal relation-network is, exactly, a network, the branches of the species-tree are united only at their lower ends. (If a new species originates through hybridization between different species closed meshes will indeed occur even in the species tree, but at least among animals this phenomenon is considered to be so highly unusual that we shall here disregard the possibility).

  Like humans, any other bisexual species has a "personal" relationship-network connecting its consituent individuals. A speciation event will disrupt the continuity within the network, and two independent networks (= branches in the tree, are generated. (In permanently asexual or parthenogenetic species even the personal "network" is a tree rather than a network, since no genetic material is exchanged between individuals of such species).

  The concept of "relationship" is a relative one. Given the assumption that all living organisms have just one single ancestor, then they are all more or less related. Cladistics is about determining the degree of relationship between different species in terms of relative recency of common ancestry. Thus, in Fig 1 (see below) species II and III are more closely related to each others than they are to any other considered organism (in this particular case species I).

Kinds of similarities: synapomorphy, symplesiomorphy, convergence
When a species is split into two daughter species, at least one of these daughters has undergone a change - otherwise one would not, of course, speak of two different species
. It is the fundamental principle of cladstics that these changes are the bases for the analysis of relationship.

  ONE MUST SEARCH FOR SHARED INHERITED SIMILARITIES BETWEEN ORGANISMS, SIMILARITIES THAT REPRESENT CHANGES RELATIVE TO THE ANCESTRAL CONDITION. ONLY SUCH SIMILARITIES (SYNAPOMORPHIES) ARE INDICATIVE OF RELATIONSHIP.

  An example: at some stage during animal evolution the vertebral column originated. Possessing a vertebral column represents a change relative to the ancestral condition (being devoid of one), which indicates that all vertebrates are more closely related to each other than to any other organisms. On the other hand the lack of a vertebral column does not indicate that all invertebrates are more closely related to each other than to other organisms. Indeed some invertebrates (such as tunicates and lancelets) are more closely related to vetebrates than to other invertebrates.

  The main principles of cladistics are illustrated in Fig. 1, showing

1) three species of imaginary animals, I, II and III

2) a phylogenetic tree showing how the species have evolved form a common ancestor S, and from which it appears that II and III have a more recent common ancestor S' that was not also ancestral to I. Thus II and III are more closely related to each other than each of them is to I. (In this hypothetical example the tree illustrates the actual, true relationship; by contrast, phylogenetic trees presented for real organisms are always hypotheses).

3) the evolution of three characters (from a to A, from b to B, from c to C) through time.

  I and II are similar in having state b, while III has B

  I and III are similar in having state C, while II has c

  II and III are similar in having state A, while I has a

  But what precisely are these kinds of similarities? 

  I and II share the character state b. We see from the tree that B has evolved in III after it split off from II. In cladists' terms B is an autapomorphy of III. The similarity shared by I and II is thus a similarity in an ancestral character state; in cladists' terms b is a symplesiomorphy of I and II; hence, while b is a shared inherited (from ancestor S) state in I and II, it is not indicative of relationship.

  I and III share the character state C. From the tree we see tht C has evolved independently in I and III. Hence the presence of C in I and III is not due to shared inheritance, so ehile C does represent a change relative to the ancestral state (c) it is not indicative of relationship. Such similarities are called convergences.

  II and III share the character state A. We see from the tree that A originated in their last common ancestor (S'), from which both have inherited it. Hence A represents a change relative to the ancestral state (a), and A is present in II and III due to shared inheritance. in cladists' terms A is a synapomorphy of II and III and indicates that the two are the most closely related of the three species under consideration.

  Examine Fig. 2 for yourself. Do not be confused by the fact that now it is the organisms, not character states, that are referred to by A, B and C. Find synapomorphies of A+B+C, and B+C, autapomorphies of A, B and C, symplesiomorphies for A+B, A+C, B+C. Note that loss of a trait can be a character state.

  The building blocks in cladistics are analyses such as the above, in which it is clarified which 2 out of 3 species are each other's closest relatives. All hypotheses about relationships between species or hihger taxa (genera, families, orders, classes etc) can ultimately be dissolved into 3-species-analyses. If the higher taxa one analyses are monophyletic (see below) they each have one ancestral species and may, in the analysis, be treated as one species.

  Do note that a character state, which is a synapomorphy at one level may be a symplesiomorphy at a lower level. Example: It is a synapomorphy of Arthropoda+Onychophora(+Annelida?) that the body is segmented. But within the Arachnida segmentation is obliterated (at least externally) in all mites [mider] except for the Opilioacarida ['mejermider']. Hence a segmented body is a symplesiomorphy of all arachnid 'orders' exclusive of most mites, but inclusive of Opilioacarida.

Monophyly, paraphyly, polyphyly, sister groups
A species group that is characterized by synapomorphies shared by its members is a monophyletic group. A monophyletic group (=monophylum, plur -phyla; =clade) includes its members' last common ancestor and ALL of its descendants.

  A group that is characterized only by symplesiomorphies shared by its members is likely paraphyletic. A paraphyletic group includes its members' last common ancestor, BUT NOT ALL of its descendants. Thus, in Fig. 1 a group constituted by I+II is paraphyletic in terms of [med hensyn til] III

  A group that is characterized only by convergences is likely polyphyletic. A polyphyletic group does not include its members' last common ancestor.

   ONLY MONOPHYLETIC GROUPS HAVE 'A HISTORY OF THEIR OWN', AND ONLY MONOPHYLETIC GROUPS ARE ACCEPTED IN PHYLOGENETIC/CLADISTIC SYSTEMATICS
  Thus, the reason why the time-honoured group 'Nematocera'[myg] is generally abandoned in modern Diptera systematics is that it is paraphyletic in terms of the higher Diptera ['ægte fluer']; see the hexapod lecture notes. It is still retained in the insect textbook used in this course, because Don Colless, author of the Diptera chapter, is a non-cladist.

  Two taxa that are each other's closest relatives, hence together constitute a monophyletic group, are referred to as being sister groups
 

Theory and practice
The cladistic principles are intrinsically consistent and compatible with evolutionary biology. Yet the application in practice may be fraught with difficulties. For instance, it can be difficult to decide which state of a character is the ancestral (plesiomorphic) one, and which are derived (apomorphic). If, in Fig. 1, only the extant species I, II and III were known to us, but not the tree topology and the ancestors, we would be unable to tell whether a or A is the ancestral state; the same is true for b/B and c/C.

  In order to make an informed decision about apo-/plesiomorphy of different character states (‘polarizing’ the states) one has to make comparisons with conditions in related taxa (‘outgroup comparison’), i.e., it is necessary to have some idea about relationships at a higher level. If, for instance, II and III are two species of beetles whose genitalia bear a remarkably shaped process, and this process occurs in neither I nor in any other known beetle, then it is straightforward to assume that presence of the process in question represents a change (is a ‘neoformation’) and hence is a synapomorphy of II+III.

  Things are rarely simple, however. In practice the evidence from different characters is often contradictory, hence ambiguous. A frequent explanation is that apparent synapomorphies actually are convergences. The task of the systematist is then to assess which of the apparent synapomorphies is the ‘strongest’, i.e., the most credible one. For instance, the loss of a structure (particularly a simple one) is more likely to happen convergently than the acquisition of a complex new structure – and the more complex the structure is, the less likely is it that it is convergently evolved. Similarly, apparent symplesiomorphies  may be due to character reversal in one lineage: If the plesiomorphic condition is being red and apomorphic is being blue, then a descendant of a blue ancestor which secondarily becomes red exemplifies character reversal.

  If a study involves numerous characters and numerous taxa (the latter in particular, because the number of ‘fully resolved’ trees increases dramatically with number of considered taxa: for four taxa there are a 15 trees, for five 105, for six 945 and for ten about 34 millions), the analysis very rapidly becomes unmanageable if performed ‘by hand’. A number of computer programs are available that can perform the tree-building, provide estimates of the robustness of individual branches of the tree(s) obtained, and permit analyses of distribution of observed traits on these trees.

Examples illustrating cladistic terminology
An autapomorphy characterizes one group, a synapomophy characterizes and unites two or more groups. All spiders [edderkopper] (Araneae) have abdominal silk glands. No other arthropods have such glands. It is straightforward to interpret these glands to be an autapomorphy of spiders; one can also say the glands are a synapomorphy of the three constituent suborders of spiders.

Wings originated in the stem lineage of the Pterygota (winged insects), but occur in no other arthropods (indeed invertebrates). Wings are, then, an autapomorphy of the Pterygota and a synapomorphy of the orders of winged insects. The Collembola (springtails [springhaler]), Protura, Diplura, Archaeognatha [klippespringere] and Zygentoma (silverfish [sølvkræ]) were once classified into a taxon ‘Apterygota’, but the diagnostic feature of the latter, viz., absence of wings, is obviously a symplesiomorphy of its constituent members. Hence the taxon ‘Apterygota’ is not accepted in a modern phylogenetic system
. Among these primarily wingless hexapods the Zygentoma are more closely related to the winged insects than to the other wingless taxa: the former taxon ‘Apterygota’ is paraphyletic in terms of the Pterygota. Loss of wings has evolved as a convergence in very many subordinate lineages of winged insects and is, e.g., well known from such ectoparasitic groups as lice [lus] and fleas [lopper]; the absence of wings in these insects is a character reversal.
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Relations between three species and the evolution pf their characters
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� On this particular tree species Erwin found 1200 beetle species, and he estimated that 163 of those are host specific. He then went on with some calculations:


  - There are about 50.000 species of tropical trees. Hence there may be 50.000 x 163 = 8.15 million species of host specific beetles in tropical forest canopies.


  - Beetles constitute about 40% of the known terrestrial arthropods. Hence there may be about (100/40) x 8.15 = 20 million species of arthropods in tropical forest canopies.


  - The soil fauna constitutes an estimated half of the diversity of the canopy fauna. Hence the tropical rain forest fauna of arthropods may comprise about 1.5 x 20 = 30 million species of terrestrial arthropods.


� The term ‘total evidence’ is current jargon for a phylogenetic study that considers both molecular and morphological evidence simultaneously.


� For the practical purpose of the present course terms such as classification and system will be used indiscriminately. Hence we disregard a discussion - arguably interesting enough in its own right - about whether only one is legitimate from a logician's perspective; at the root of this discussion is the question whether natural groups (monophyla/clades) are "individuals" or (elements of) "classes".


� For the purpose of the present discussion it makes little difference whether one adopts the biological species concept (non-applicable to permanently asexual organisms) or one of the other species concepts currently favoured in sectors of the biologists' community. Reference may be made to current evolutionary biology texts or books such as Wheeler & Meier (eds, 2000) for accounts of the species concept issue. 


� The term 'sister group' comes from Hennig's German Schwestergruppe, the French say groupe-frere; a later German attempt of introducing a technical term, Adelphotaxa, for the concept has not really caught on.  


� It remains legitimate, and often convenient, to refer to an assemblage characterized by a symplesiomorphy by using the latter in adjectival form; hence, while there is no taxon Apterygota, one may speak about ‘apterygotes’ or ‘apterygote hexapods’.





