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(I) INTRODUCTION*

Biological differentiation is a spatial and temporal process that provides the subject matter of evolutionary biogeography. This fascinating and challenging field of research brings together researchers from a diverse range of interests and backgrounds. For many evolutionary biologists, biogeography may also seem to be an arcane discipline that is out of place in a theory of evolution that is predominantly about the fossil record and the presumed action of natural selection over time. And yet biogeography must be central to evolutionary theory because evolution takes place in space and time as well as in biological form. 

Evolutionary biogeography is a seemingly diverse collection of many different techniques, methods, and theories (Morrone, 2009) that may give the impression of confusion or uncertainty. But within this complexity panbiogeography is distinct, as it is the only method of analysis and synthesis that accepts locality information as the raw, primary data. In particular, it does not incorporate the theoretical speculations of Darwinian biogeography about hypothetical centers of origin, routes of dispersal, and biogeographic regions that are geographically distinct units or areas (Wallace, 1876).
Panbiogeography represents a challenge to the historical disconnection between biogeography and evolutionary theory.  Panbiogeography was first developed and implemented by Leon Croizat (1952, 1958, 1961, 1964) against a background of critical concepts rooted in the history of science (Heads, 2005a). It is the only biological synthesis since Darwin’s (1859) theory of evolution to explicitly encompass and integrate all the principal dimensions and interrelationships (space, time, form) of evolution (Morrone, 2000). Panbiogeography is also the only non-Darwinian research program to generate theoretical models of how biological evolution takes place in its historical, temporal, spatial, and ecological aspects (Craw, Grehan & Heads, 1999). Although panbiogeography is most often characterized as the track method (see below) it is also about the recognition of vicariant patterns of distribution whereby related taxa replace each other in geographic space as well as time (Croizat, 1958, 1964). Vicariant distributions may be evident at any taxonomic level and apply to both ‘good’ and ‘poor’ dispersers. If there is any one foundational principle of evolution, it is that vicariism (allopatric evolution) is the prevalent mode of spatial and biological differentiation.

Panbiogeography is not for everyone, but is essential for those who accept geographic location as an evolutionary reality and an empirical source of information about evolutionary history and process (Grehan, 2001a). Panbiogeography is not an “off the shelf” program. It is a methodology and synthesis that cannot be treated like a cake recipe or used effectively without comprehension. Panbiogeography has to be learned. This means learning about place and geography, and how any one specific place is spatially and biologically connected to every other place in the world. The implementation of many ‘powerful technical advances’ in phylogenetic analysis has been conflated with conceptual progress, while the most common approach to biogeography is still based on a literal reading of the fossil record. Combined with theorized centers of origin and dispersal this approach ignores the comparative evaluation of biogeographic patterns (Heads, 2005b, c).
Panbiogeography potentially encompasses all aspects of evolutionary biology so it is beyond the scope of this short chapter to cover all pertinent topics or all the important contributions in the literature.  Instead this chapter will be limited to relatively few examples illustrating some of the main principles and concepts as an introduction to panbiogeography. It will possibly be too simplistic for the advanced biogeographer, but the outline may contribute something useful and informative for the senior undergraduate as well as the general biologist looking for an entry into the field of evolutionary biogeography. Those interested in the further application and potential developments of quantitative techniques are referred to Page (1987), Craw and Page (1988), Craw (1990), Henderson (1990), Morrone (2001) and Cavalcanti (……).
(1.1) Differentiation

Most researchers in evolutionary biogeography are systematists whose research focus is primarily that of comparative biology – differentiation in form. The geographic disposition of taxa is only of secondary interest, usually as an explanatory context to generate interest in what may be an obscure or specialized study that few would otherwise read. Preoccupation with comparative biology may explain why comparative geography is either neglected or subordinated to outdated theories of evolution. This has its most common expression in Darwinian biogeography where geographic space is reduced to a byproduct of biologically mediated dispersal from theoretical centers of origin (Darwin 1859). In recent decades technical advances in molecular clock theory have been used to give the appearance of authenticity to centers of origin and dispersal theories on the spatial and temporal differentiation of biological form (De Queiroz, 2005). Nevertheless, clocks are still calibrated using the fossil record in the traditional way, one which is open to criticism.
Whether expressed as cladograms or any other systematic tree, purely biological patterns of relationship contain no spatial information. One may create a hierarchy of taxa and their localities based on their biological relationships, but this arrangement contains no information about how these forms are spatially connected. The world is a sphere and the possible spatial connections between any two points are theoretically infinite. To interpret the origin of spatial disjunction in biogeography it is necessary to specify which spatial connection is most likely relevant to the origin and evolution of a distribution. Only in panbiogeography is this requirement made an explicit criterion for analysis (Craw et al., 1999). Just as biological systematics may be the ultimate expression of comparative biology, panbiogeography may be the ultimate expression of comparative biogeography – the biological synthesis of space, time, and form (Croizat, 1964). 

(1.2) Spatial meaning

In center-of-origin/dispersal biogeography, spatial meaning is assigned to a phylogeny by theorizing the existence of centers of origin and dispersal routes. The sequence of differentiation is assumed to represent the sequence of dispersal. This insertion of spatial meaning is also necessary for methods that assume a historical connection between congruent patterns of biological relationship and a theorized geological or climatic sequence of events. The historical connection between a distribution and geological history is often made through geographic proximity. For example, if a taxon occurs in Brazil and Nigeria it is assumed that the Atlantic Ocean has something more to do with the origin of the disjunction than the Indian or Pacific oceans regardless of whether dispersal or vicariance is invoked as the explanation. Missing from most biogeographic methods is an explicit statement about why a particular geographic relationship is chosen in the first place.

The following sections will first illustrate aspects of the panbiogeographic method and highlight the principal concepts used in panbiogeographic analysis, including examples relating to South American biogeography. Beginning with a summary of the principal methodological tools, their broader application will then be illustrated with respect to vicariance analysis – the analysis of differentiation from a widespread ancestor, and biotic analysis – the concordant tracks and vicariant differentiation of biotas. Finally some observations will be made on evolutionary ecology and biology and their relevance to biodiversity analysis.

(2) METHODOLOGICAL CONCEPTS**

There are four principal methodological tools in panbiogeography that are interrelated: the track that explicitly maps the spatial connections between disjunct localities, the node that marks the intersection of different tracks (although each locality within a track may itself also be regarded as a node of differentiation), the baseline identifying the geomorphological feature crossed by one or more tracks, and the main massing as the highest spatial concentration of diversity within a track (usually expressed by the density of distinct taxonomic categories, but this could also be any other aspect of biology, including molecular diversity). Each of the four concepts can be considered individually, but integrated approaches require their combined application.

(2.1) Track

The most frequent form of track construction formalizes the track as a line graph called a minimal spanning tree in which the shortest possible line is drawn between disjunct localities (Page, 1987; Craw and Page, 1988). The individual track is a spatial representation of the evolutionary space of a particular taxon. The minimal spanning criterion is applied in the absence of other information such as phylogenetic relationship where the line graph may first connect points between most closely related taxa. The principal steps in track construction are illustrated here for the scorpion genus Opisthacanthus (Ischnuridae) documented by Lourenço (1995). The distribution of taxa is plotted, including fossil representatives when known (Fig. 1a). Localities shared by each species are first connected by minimum distance (Fig. 1b), followed by each taxon (Fig. 1c), and lastly the track may be oriented to a baseline (Fig. 1d) (see also section 2.2). 
Tracks sharing the same localities or a subset of the same localities may be considered components of a standard or generalized track for all member taxa. In practice the identification of a shared track will depend upon how precisely localities are defined. When localities refer to a geographically constrained area such as an island, the locality is relatively unambiguous, but within larger areas of continuous land (or sea) the geographic limits will need to be specified. There are two main approaches to measuring track overlap. Tracks sharing the same localities as well as those that may nest within a subset of those localities and exhibit the same minimum distance linkages may be combined into a single generalized track (Craw et al., 1999) or only those portions of individual tracks that overlap may be designated as generalized tracks (Nihei & Carvalho, 2005). 

The existence of standard tracks involving organisms with different dispersal abilities suggests that dispersal ability does not provide the common mechanism for the origin of the standard track. The lack of correspondence between track geometry and dispersal ability led Croizat (1958) to propose a process of vicariant differentiation in which each locality represents the local differentiation of related taxa across the range of a formerly widespread ancestor. Congruence of individual tracks within a standard track is predicted to be a consequence of their respective ancestral ranges being established through a shared geological history. 

(2.2) Baseline
Particular individual and standard tracks may be identified as spatially distinct even if they have substantial geographic overlap. This contrasting biogeographic range of each track or set of tracks may be identified with respect to their respective overlap with different geomorphological features such as transform faults, orogens, spreading ridges, and tectonic basins. The broadest tectonic features of the earth are the ocean basins and these represent the major baselines for the evolution of the world’s modern biota (Craw, 1988). Major baselines for many of the world’s globally distributed taxa include the Pacific, Indian, Atlantic-Indian, and Indo-Pacific basins (Fig. 2).

Ocean baselines are relevant to understanding the nature of geographically or geopolitically distinct areas (e.g. ‘New Zealand’, ‘South America’, ‘Galapagos’, ‘Africa’) that are often assumed to represent biogeographic units or areas of endemism (Heads, 1999). But the intersection of tracks with different baselines suggests that such areas of endemism are biogeographically and geologically composite entities. This is most dramatically visible in the Pacific and Atlantic affinities of American organisms that led to the prediction of a composite tectonic origin for North and South America and as later corroborated by geological evidence (Nur and Ben Avraham, 1977).

Example: Nothofagus The genus Nothofagus is well known as a classic problem in southern hemisphere biogeography (Craw, 1985, Craw et al., 1999; Heads, 2006). Extant species are found on both sides of the Southern Pacific, and although often characterized as a ‘gondwanic’ group, it is not represented (either living or fossil) in the core gondwanic continents of Africa and India. Instead it is ‘draped’ over the margins of Gondwana bordering the Pacific. There are some fossil pollen recorded from the eastern Indian Ocean, and in Antarctica, but the main massing of Nothofagus living and fossil species borders the south eastern and western Pacific (Fig. 3a). This trans-Pacific pattern (by main massing and minimum distance) also applies to Trigonobalanus (Fig. 3b), Lithocarpus and Castanopsis (Fig. 3c), and Fagus (Fig. 3d). Each of these taxa show a latitudinal pattern of trans-Pacific relationships that are largely or entirely vicariant with each other, suggesting that the ancestral range of each taxon was established in a north-south cline before the continuity of each distribution was disrupted by formation of the Pacific basin. 

Another example of parallel latitudinal trans-Pacific tracks is found in stem-boring ghost moths (Grehan and Rawlins, 2003). A mostly southern trans-Pacific Aenetus/Endoclita/Phassus group (Fig. 4a) vicariates with northern Phymatopus-Paraphymatopus (Fig. 4b) and Sthenopus groups (Fig. 4c). These examples show that latitudinal gradients in vicariant biogeography are not isolated phenomena, but are shared by organisms with very different ecologies and means of dispersal.

(2.3) Node

Most biogeographic methods and techniques divide the landscape up into distinct, geographically defined ‘areas’, ‘regions’ or ‘areas of endemism’ (Craw et al., 1999) but such areas are artifacts of modern geography and ecology that are permeated and deconstructed by the global network of tracks and nodes (Fig. 5). Nodes are the points or places of conjunction or intersection between different tracks. Nodes may be of local or global significance, depending on the geographic and phylogenetic scope of taxa involved. Globally significant nodes include Guatemala/southern Mexico, Chocó district of Colombia, the Guyana highlands, the Fouta Djallon Plateau in Guinea, Southwest Cape Province, and Madagascar, the region around Wallace’s line, and New Caledonia. Examples of locally significant nodes include the John Crow Mountains of Jamaica, the Atewa Range in Ghana, the Chimanimani Mountains in Zimbabwe, Aceh in Indonesia, the Upper Watut Valley in New Guinea, northwest Nelson and Fiordland in New Zealand, and the Fiji Islands (Heads, 2004).

As tracks meet, so also do different ecologies, phylogenies, and distributions. Together these show that nodes have biological and geographic significance and their evolutionary features may include (particularly for globally significant nodes) biological endemism, phylogenetic diversity, distribution boundaries, anomalous absence of taxa, disjunctions, taxonomic incongruence, parallelism and elevation anomalies (see section 6.3 for their conservation applications). This biogeographic, phylogenetic, ecological, and biological complexity may result in the breakdown of familiar taxonomic and phylogenetic distinctions, resulting in biologists often characterizing nodal taxa as exemplars of ‘deception’, ‘enigma’, ‘irony’ and ‘astonishment’. Nodal biota may comprise different taxonomic ranks because of differences in the rates of evolutionary differentiation or genetic potential. During the same phase of evolutionary modernization different groups may produce new genera or new species. Others may show no sign of differentiation or only character differentiation. Characters that are taxonomically distinct elsewhere may not be distinct at a node (Heads, 1990; 2004).

The evolutionary significance of nodes lies in their historical formation. In Darwinian biogeography nodes are assumed to represent refuges from recent climatic change. This interpretation may ‘explain’ endemism but not the geographic and phylogenetic disjunctions and relationships between those nodes and global biogeography. Nodes may, however, be correlated with earth history and spatially correlated tectonic activity such as terrane accretion, subduction, regional metamorphism, granitization, volcanism, faulting, folding, uplift, subsidence and regression of epicontinental seas. This correlation identifies nodes as a result of earth history, and their biological characteristics are linked in their origin to the geological process that bring biotas together and affect their local patterns of biological, ecological, and elevational differentiation (Heads, 1990, 2004).

(a) Example: Abrotanella The plant subtribe Blennospermatinae (Asteraceae) comprises four genera, Crocidium in western North America, Blennosperma in western North America and southern South America, Ischnea in New Guinea, and Abrotanella in New Zealand, south eastern Australia, New Guinea and southern South America (Fig. 6a). New Guinea is nodal for Abrotanella and the endemic Ischnea, the latter being most closely related to Blennosperma in North and South America (Fig. 6b).

At the New Guinea node the absence of Abrotanella north of the Australian craton (Fig. 7a) contrasts with the endemism of Ischnea on Mt. Wilhelm and the extension of its distribution northeast of the Craton to include the Jimi-Bena Bena, Finisterre, and Owen Stanley terranes (Fig. 7b) represent standard distribution patterns and indicate that the histories of the two genera in this region have been markedly different from each other (Heads, 1999).

The spatial correlation between distribution and tectonics at a biogeographic node is also illustrated by two closely related Abrotanella clades. The South American species A. diemii and A. emarginata are most closely related to A. forsterioides that is mostly distributed in eastern Tasmania (Fig. 8a) in contrast to A. scapigera of western Tasmania being most closely related to species in southwestern New Zealand and the Auckland and Campbell Islands (Fig. 8b). The different phylogenetic affinities of the eastern and western species in Tasmania are spatially correlated with the distribution of an eastern Jubilee terrane and western Tyennan terrane (Fig. 8c) (Heads, 1999). These contrasting phylogenetic and biogeographic relationships show that there is no biogeographic unity of any geographically defined area, and that the biogeographic origins of taxa are not related to geographic units such as ‘New Guinea’, ‘Tasmania’, and ‘southern South America’. This is biogeography without area (see Henderson, 1990 for further discussion).  

Example 2. Polietina nodes

An analysis of the Neotropical fly genus Polietina by Nihei & Carvalho (2005) produced 17 generalized tracks for the overlap of 12 individual species localities and 10 nodes representing the intersection between the generalized tracks of two or more species (Fig. 9a). Two of these nodes (a and c) also represented the distribution boundaries of sister taxa (Fig. 9b) that emphasized their evolutionary significance for the differentiation of species (Nihei & Carvalho, 2005). An Amazonian node between clades P. prima + P. nigra with P. flavithorax + P. major (Fig. 9c) was not correlated with the generalized track nodes, but did correspond to a node found for the genus Cyrtineuropsis (Nihei & Carvalho, 2005 Fig. 6b)
(2.4) Main massing

Tracks alone may not provide unambiguous resolution of biogeographic relationships or allow the biogeographic distinction of groups that show considerable geographic overlap. In some cases the main massings may show a clearer biogeographic pattern than the ranges alone. Main massings represent the location of diversity, whether taxonomic or biological (morphological, genetic), and do not necessarly correspond to geographic area. For example, the main massing of species in the gentian Exacum is Madagascar and adjacent islands with 38 species compared with 24 species on all surrounding continents (Fig. 10a). In this example the geographic extent of the massings is arbitrary; the main massing is unambiguous through its restricted geographic range. An objective approach to main massings is made possible through grid analysis (Craw et al., 1999) of equal areas (Fig. 10b). Information on the location of main massings may help orient or relate a track to a particular geological sector of the earth where the track may suggest more than one geological relationship. 

Example: Nothofagus: Some center of origin-dispersal reconstructions have argued that the dispersal of Nothofagus was too late for geological events to be relevant. This is based on the fossil record. But fossils show that Nothofagus not only existed in the late Cretaceous, but that the modern subgenera all existed at this time. Nothofagus comprises four subgenera that show considerable geographic overlap that does not entirely obscure the vicariant relationships of their respective main massings (Heads. 2006).
Subgenus Lophozonia has three extant species in southern Chile, one in New Zealand, and one in southeastern Australia. The main massings of living species on either side of the Pacific are equal, but the eastern Pacific massing also comprises two fossil pollen species, and another three pollen species are found in Antarctica. This pattern supports the eastern Pacific as the main massing for Lophozonia (Fig. 11a). Subgenus Nothofagus has a very similar track to Lophozonia with respect to Australia, New Zealand and South America but the living species are limited to southern South America along with three pollen species, one fossil wood species, whereas New Zealand and Australia are represented by three and two pollen species respectively.  Nothofagus also has an eastern Pacific main massing but it vicariates with that of Lophozonia (Fig. 11b). The track of Fuscopora also extends across the Pacific, with living taxa in southeastern Australia, New Zealand, and southern Chile, but the main massing of three living species and two pollen species is New Zealand (Fig. 11c) Subgenus Brassospora is represented by fossil taxa in Antarctic and Southern America as well as southeastern Australia (Tasmania) and New Zealand, but its main massing is represented by 14 extant species in New Guinea and five species in New Caledonia (Fig. 11d). There are three fossil pollen species in New Zealand and in southeastern Australia where there are also three leaf species and five cupule species compared with only one pollen species in each of Antarctica and southern South America. The massing of species is in the south Western Pacific with the center of main massing on New Guinea.

The subgeneric tracks collectively share a Pacific baseline and together they comprise a standard south Pacific track. The tracks also largely represent the same localities and in this respect are largely indistinguishable. In their main massings the tracks are clearly vicariant with each main massing occupying a different geographic sector of the standard track – Brassospora in New Guinea, Fuscospora in New Zealand, Nothofagus in Chile south of  41º, and Lophozonia in Chile north of 42º lat. Molecular clock extrapolations of the fossil record have claimed recent dispersal for some of the distributional localities. Nevertheless, these theories are belied by the standard track, the vicariant main massings of the subgenera, and the  fossil record of each subgenus in the Cretaceous. These facts suggest that each subgenus represents the vicariant differentiation of the genus Nothofagus before the end of the Cretaceous over a geographic range now represented by the South Pacific 

(2.5) Geological correlation

Implicit in the application of baselines, main massings and nodes is the concept of geological correlation. Historical geology and climatology is most often used to ‘explain’ biogeographic relationships. The problem with this approach is that it renders biogeography devoid of empirical content – biogeography is excluded from contributing any historical insight into evolution. Instead, biogeography is reduced to making up stories (theories), usually about centers of origin and dispersal, based on a selected geological story (theory). Since a theory is no more than an interpretation of evidence, biogeographic theories become metatheories that have no greater validity than the geological theory on which they are based. Panbiogeography escapes this methodological paradox by correlating biogeographic patterns with geological or tectonic features that are themselves the direct product of earth history. 

Geological correlation can be applied to tracks, baselines, main massings, and nodes. In each case a direct relationship between biogeography and geology is identified. This correlation provides a prediction about the geographic sector most likely to be involved with the origin of a particular distribution or set of distributions (biota). This  allows the biogeographer to identify the geohistorical reconstructions that may be pertinent to the historical interpretation of those patterns. This does not mean simply accepting the geological reconstructions as the only source of historical evidence. The reconstructions are also open to biogeographic evaluation and possibly falsification involving biogeographically generated geological alternatives. For this reason it did not matter to Croizat whether or not particular geological theories contradict biogeographic evidence. Geological theories are theories regardless of how strongly they may be seen to be supported. To misunderstand this principle is to misunderstand panbiogeography. Stoddart (1985) asked “Can anyone take seriously any biogeographer who refuses to utilize the insights of plate tectonics in explanation of distributions” but he failed to understand that panbiogeography is an independent discipline from that of geology and that “what geological theories would say is of no account the moment these theories contradict the data from biogeography as such” (Croizat, 1984).

(a) Transform fault

Lateral disjunctions across a transform fault may be correlated with lateral displacement along the fault. A classic case occurs in New Zealand where over 80 terrestrial and marine taxa comprising subspecies, species, species groups, genera and families show a disjunction along the Alpine Fault (Fig. 12). The traditional explanation of glaciers wiping out central populations to produce the disjunction overlooked the frequent occupation of the gap by a related taxon, and the involvement of many alpine taxa that would not have been affected by extinction by glaciation through the disjunct region. This correlation shows how different levels of taxonomic differentiation may result from the same time interval, in this case possibly as much as 20 Ma.  Individual disjunctions will vary according to differences in ancestral range. Taxa that were widespread before movement will be widespread after displacement while local endemics limited to one side of the fault will fail to show any later disjunction. Such displacement is not limited to taxonomic expression, but suggests that entire communities were pulled apart. Further testing of the relationship may come from ecological analyses to determine whether clear differences occur between communities on either side of the fault (Heads, 1998, Heads and Craw, 2004).

(b) Integrated fault analysis

Most biogeographic studies are geographically constrained to a particular area or region and explanations are often presented as if that area was the only one in existence. But if anything certain can be said from panbiogeography, it is that what affects the origin of taxa in one locality is not divorced from its presence or absence from any other locality since all life is biogeographically connected by a standard set of tracks and nodes (Croizat, 1958). This assumption of geographic isolation is often reflected in a narrow geological focus in which  biogeographic patterns are interpreted solely in terms of local geological history. But tectonic processes also defy geographic isolation as local events are interconnected with global processes. This was evident to Darwin (1845) who noted that volcanic activity at one locality along the Andes seemed to coincide with volcanic activity thousands of km apart.

A regional analysis by Heads (2008) documented the presence of transform fault disjunctions in the geographically separated regions of New Guinea, New Caledonia, and New Zealand. Although each of these disjunctions may be understood locally in terms of the geological history of the respective fault zones, Heads (2008) presented the novel hypothesis that each of these local biogeographic events are part of a common tectonic process of geological dislocation along an axis of late Mesozoic-Paleogene orogeny (Fig. 13).Thus a single tectonic process can affect the local biogeography of geographically isolated ecological communities. Attempts to interpret the origin of local disjunctions as the result of local ecology and dispersal fail to anticipate the congruent regional tectonics of these transform fault disjunctions. The regional and global synthesis of local geological correlations for local biogeographic patterns represents a significant development for future biogeographic analysis in the Americas and elsewhere.

 (3) VICARIANCE ANALYSIS***


Center of Origin/dispersal biogeography treats phylogenetic sequence as proof of sequential dispersal from a presumed center of origin, represented by the most basal taxon. This procedure is also known as Hennig’s progression rule, but it should more accurately be referred to as Hennig’s progression assumption. The assumption is now universally applied in dispersal interpretations of molecular clock relationships. The contradiction between the dispersal assumption and the resulting distribution is the vicariant replacement of related taxa. If dispersal is so pervasive as to be responsible for range extensions between successively differentiated taxa, it is contradicted by the lack of sympatry among the descendants. Sequential dispersal also requires a ‘barrier’. This is theorized to be permeable to a chance crossing but thereafter it becomes impermeable. This strange process is required to account for hypothesized dispersal being effective at one time and not later (Heads, 2009). These contradictions are not required if the phylogenetic sequence represents the sequence of differentiation from a widespread ancestor. The potential for sequential vicariism may be analyzed with respect to the sequence suggested by the phylogeny compared with its geographic distribution. This vicariance analysis involves the sequential mapping of ancestral distributions inferred by the phylogeny. This may be first applied in a schematic format irrespective of actual distribution followed by mapping the distribution with respect to modern geography. Resulting geographic anomalies may then be considered in the context of geological correlation and geohistorical models as well as the potential extent of range expansion or contraction within the group. This analysis may also lead to further evaluation of the initial phylogenetic hypothesis based on biological relationships, a procedure called reciprocal illumination (Craw et al, 1999). 

(3.1) Coriaria vicariance

The global range of this genus is seemingly incongruous geographically and with respect to traditional geological models that require a large part of its range (the Pacific basin) to comprise a permanent ocean. Extensive long-distance migrations were invoked to connect southern to northern localities across the oceans, a model subsequently applied to a molecular phylogenetic analysis by Yokoyama et al (2000). Hennig’s progression rule was applied to an assumed Asian center of origin at about 60 Ma based on a fossil-calibrated molecular clock. From an imagined eastern Asian center of origin sequential migrations were proposed to Europe, North America, South America, and finally the Pacific followed by some dispersal back to South America again. Typical of most molecular reconstructions, divergence dates were misrepresented as being absolute or maximum dates, rather than minimum dates. These dates were used, illogically, to falsify earlier origins for Coriaria or its constituent species and the involvement of any earlier geological events. This molecular dispersal model identified historical origins and relationships for Coriaria species that have no empirical foundation and are contradicted by the prevailing vicariism within the genus. The phylogeny produced by Yokoyama et al (2000) corresponds to the general differentiation sequence in which a widespread ancestor differentiated first into two clades, with each of these clades then differentiating into their subordinate taxa (Fig. 14).

This generalized differentiation sequence can be superimposed on the actual distribution. In the following example all distributions are generalized and the common boundaries between ancestral distributions are conceptual rather than actual because the current distributional information for living and fossil taxa is incomplete (as is always the case for disjunct distributions). The ranges are drawn against the modern map, but the disjunct nature of the extant distribution is indicative of the ancestral ranges having evolved on a former paleogeography. The ancestral range of Coriaria (encompassing fossil and living records; Fig. 14a) includes parts of North and South America, some Pacific islands, the southwest Pacific, and Eurasia along or north of the Tethys belt (a classic biogeographic range between the Pacific basin and Europe). Differentiation of the ancestral range results in vicariant ranges for Eurasian sub-clade 1 and a Pacific sub-clade 2 (Fig. 14b).

Sub-clade 1 further differentiates into a Mediterranean-Asian ancestor and a western Pacific ancestor (Fig. 14c). The Mediterranean-Asian ancestor further differentiates into the central Asian C. nepalensis and the ancestral range of C. myrtifolia in the Mediterranean and C. terminalis also in Central Asia (Fig. 14d). The western Pacific ancestor also differentiates into the northern C. japonica and the southern C. intermedia (Fig. 14d). The ranges of C. nepalensis and C. terminalis later overlap through range expansion, and extinctions result in modern disjunctions.


Differentiation of subclade 2 begins with Coriaria microphylla (Fig. 15a), sequentially followed by C. papuana and C. sp in the South West Pacific (Fig. 15b), C. arborea in New Zealand (Fig 15c) and the ancestor of C. ruscifolia in southern South America and C. sarmentosa and C. lurida in New Zealand (Fig. 15d).

(3.2) Hominid vicariance

Hominids comprise humans and fossil taxa that are more closely related to humans than to the nearest living great ape relative. Cladistic morphological analysis of humans, great apes, fossil hominids (Homo, Australopithecus), and various other Miocene and Pliocene fossil apes supports the monophyly of hominids, orangutans, and a series of extinct orangutan-like apes distributed between Europe and Asia (Grehan and Schwartz, 2009). The largely vicariant distribution of hominids, orangutans, and other fossil taxa suggests they locally differentiated from a widely distributed ancestor between East Africa, the Mediterranean, and central and eastern Asia (Fig. 16a). If hominids are the sister group of all other fossil and living members of the clade, as suggested by current evidence, vicariant differentiation resulted in hominids in eastern Africa, and an orangutan-related clade distributed between Spain and Indonesia (Fig. 16b). 

The orangutan clade differentiated into the orangutan and several largely or entirely vicariant fossil taxa (Fig. 16c). These became extinct by about 7 Ma except for the orangutan and Gigantopithecus in East Asia with Gigantopithecus also becoming extinct by about 300,000 years ago (Fig. 16d). This pattern of extinction resulted in the disjunction of hominids in East Africa and orangutans in Southeast Asia. This vicariant model remains generalized compared with analyses of living taxa because the fossil taxa are sometimes poorly represented and the frequent lack of preservation of phylogenetic characters renders their relationships less certain. Other fossil records indicate the possibility of non-hominid orangutan relatives in Africa that are currently only represented by worn dental and fragmentary jaw features. 

The oldest fossil representatives Sivapithecus (northeastern India) and Khoratpithecus (Thailand) at 12-13 Ma demonstrate the evolution of the ancestral range before this date. Although the hominid fossil record only dates back to 6 Ma, their sister group relationship with the orangutan-related fossils dating back to 13 Ma would suggest that the hominid lineage had also already diverged by this time. The track of the hominid-orangutan related clade is spatially correlated with the East African Rift and the Tethys belt. If this correlation is not an artifact of fossilization it suggests that these geological features contributed to the expansion of the last common ancestor, and preceded the tectonic uplift of the Tibetan Plateau often estimated to have begun at 15 Ma, in the Miocene.

(3.3) Vicariance and areas of endemism

(a) Bourguyiine harvestmen (Arachnida):Yamaguti and Pinto-da-Rocha (2009) added the area relationships of this subfamily to a previous analysis of relationships between 11 areas of endemism (AOE) proposed for four other subfamilies. The Serra da Mantiqueira AOE was found to be more closely related to Serra do Mar and eastern part of São Paulo AOE than to a cluster encompassing the Serra dos Órgãos, Coast of Rio de Janeiro, and Serra da Bocaina. Yamaguti and Pinto-da-Rocha (2009) classify the Serra da Mantiqueira AOE as part of the Serra da Mantiqueira mountain range whereas Serra do Mar AOE belongs to the Serra do Mar mountain range, the two being separated by the valley of the Paraíba do Sul river representing an “important vicariance barrier for harvestmen”. Comparing the individual area cladogram of Bourguyiinae with the general area cladogram, Yamaguti and Pinto-da-Rocha (2009) propose a center of origin in the ‘Serra da Bocaina-Serra do Mar’ from which Bourguyia trochanterlis dispersed to ‘South of São Paulo’ and Paraná’ AOE. The genus Asarcus is assigned a center of origin in the Serra dos Órgãos- Serro do Mar region with later dispersal to the Serra do Espinhaço resulting in A. putunaberaba. Separation of Serra da Mantiqueira-Serra do Mar” from other areas is considered the only vicariance event and yet it “apparently” had no effect on the species of Bourguyiinae.

The centers of origin and dispersal model proposed for the Bourguyiinae is not supported by the largely vicariant tracks of the genera Asarcus and Bourguyia and their member species (Fig. 17a). A vicariance analysis shows a widespread ancestor (Fig. 17b) that vicariously differentiated into Bourguyia and Asarcus respectively (Fig 17c). Bourguyia differentiates into B. laevibunus and two ancestral clades for the remaining Bourguyia (Fig. 17d). The northern subclade differentiates locally into B. maculata in the north, and B. bocaina in the south (Fig. 17e). The southern subclade also differentiates into B. albiornata followed by B. trochanteralis and B. vinosa (Fig. 17f). The genus Asarcus differentiates into A. passarellii at Rio de Janeiro (Fig. 17g), and A. ingenuus in Serra da Mantiqueira, and finally the common ancestor of A. longipes (Serra do Espinhaço) and A. putunaberaba (Minas Gerais) (not illustrated) (Fig. 17h).

The Bourguyiinae analysis shows that the creation of areas of endemism, particularly when combined with speculative centers of origin, excludes evidence for vicariant differentiation. It also results in the loss of biogeographic information such as the presence of nodes that in the case of the Bourguyia and Asarcus mark an important line of differentiation along the Serra dos Órgãos and Serra do Bocaina south to São Paulo.

(b) Rhodniini Hemiptera in Central and South America: Using a dispersal-vicariance analysis, Silva de Paula et al. (2007) hypothesized a mixture of vicariance and dispersal events to explain the spatial differentiation of species in this group. They concluded that a “robust” explanation for some taxa was considered to be lacking while others were “puzzling” and an area cladogram failed to show an unambiguous vicariant pattern for species differentiation in the Rhodniini (Silva de Paula et al., 2007). 


The spatial distribution of taxa supports the predominant influence of vicariant differentiation for the Rhodniini. The only extensive geographic overlap occurs between the two basal clades (Fig. 18a), but the region of overlap includes only half the total species of each clade. This pattern is consistent with an originally vicariant differentiation of the two clades with a common boundary that has since been obscured by subsequent dispersal. The distribution of species within each of these clades is almost entirely vicariant. Clade 1 vicariance results in a Central America-northwestern South America range and a more eastern South American range (Fig. 18b) that further differentiates into each vicariant species range (Fig. 18c). Differentiation of clade 2 involves a more extended sequence of taxa, beginning with the differentiation of R. neivai (Fig. 18d) followed by R. domesticus (Fig. 18e). The remaining ancestral range differentiates into two clades, one widespread over much of northern South America, the other confined to an eastern Brazilian-Northern Argentina arc (Fig. 18f). Each of these ancestral ranges differentiates into mostly vicariant species (Figs. g, h).
Rather than being puzzling, the biogeography of the Rhodiini shows a fairly straightforward pattern of vicariism where vicariance analysis requires a minimum of dispersal, principally for the overlap of the two clades where the massings of species in each is still suggestive of a largely vicariant origin from a formally widespread ancestor.

(3.4) Character geography

The vicariance analyses given above are based on the divergence sequence implied by the hierarchical clustering of the largest congruent set of character similarities shared by the member taxa. If this hierarchy is assumed to represent the biological sequence of divergence or speciation, the correlated spatial arrangement represents the spatiotemporal sequence of divergence for that hierarchy. The historical sequence of divergence does not, however, necessarily match the pattern of character similarities for vicariant distribution where all taxa can potentially differentiate at the same time. For this reason the shared similarity of any member taxa is a consequence of which ancestral characters (whether or not they are uniquely shared) are inherited by one or more descendants (see section 6.1).

Vicariance analysis of biological characters may discriminate patterns of similarity that may not be apparent from biological systematics alone (Croizat, 1964), and formal systematic protocols for biological relationships (whether cladistic or otherwise) may not necessarily provide the most accurate representation of phylogenetic evolution (cf. De Marmels, 2007; Heads, 2005a). For example, the distribution of the ‘divaricating’ growth form in plants may not represent a monophyletic group, but the track connecting the centers of diversity in divaricating plants of Madagascar and New Zealand does conform to a standard track (Heads, 1983). In another example, De Marmels (2007) examined the character geography of five characters in the dragonfly genus Tepuibasis. This analysis showed that even though the different states could not be identified as primitive or derived, they each identified different sets of vicariant tracks for different combinations of species (Fig. 19). 



A phylogenetic analysis of biological similarities may be considered incomplete until it is examined in both its distributional and biological aspects. This involves evaluating the degree of congruence between spatial proximity and biological similarity because a cladogram or any other kind of biological relationship has no spatial information. Through a process of reciprocal illumination a biological phylogeny may help inform biogeographic analysis, but biogeography, in turn, may inform biological theories of biological relationship and even predict alternative possibilities (Craw et al., 1999). Character geography also has implications for the science of comparative morphology. Features that are incongruent with phylogeny and scattered among different groups may be dismissed as parallelisms, arising as secondary phenomena. But this overlooks their possible origins from common morphogenetic processes (see section 6.1). Pheromone-producing androconia on the wings of Lepidoptera, for example, may have a homologous origin to axillary glands and domatia of angiosperm leaves. Rather than subordinating comparative morphology to systematics, it may be that systematics should be subordinate to a detailed comparative analysis of the origins of each morphological feature (Heads, 2005a).

(4) BIOTIC ANALYSIS****


The biogeography of ecological communities or biota may be analyzed through the identification and comparison of standard tracks that generate information on the spatial structure of a biota and its biogeographic origins. The world is a network of interlocking tracks and nodes that demonstrate the interconnected origins not only of entire continents, but also at the most local level of individual ecological communities (Heads, 1990). For this reason the evolutionary ecology of biological communities requires an evolutionary biogeography that identifies their global biogeographic origins. 

(4.1) America and the Pacific

In Darwinian biogeography Central and South America are widely treated as a biogeographic unit known as the Neotropical Region (Wallace, 1876). But any geographically defined unit or area of endemism delimited by rigid geographic boundaries is undermined by the global network of interlocking tracks (Croizat, 1958; Craw, Grehan and Heads, 1999). Although the composite biogeographic and tectonic structure of the Americas is widely recognized as demonstrating the artificial nature of the “Neotropical” unit, there have nevertheless been efforts to subdivide the region into smaller areas and represent these as natural biogeographic units (Morrone, 2001). But any such areas are not recognized in panbiogeography as they do not have a separate unitary existence (Henderson, 1990) and they do not provide any information on the track and node structure of the regions represented. Geographically bounded units also tend to focus the biogeographer to look for origins in the context of a local area rather than the world as a whole. In panbiogeography it is recognized that the question of origin within a geographic area is the same as the question of origin external to that area. For example, the question: why does Coriaria occur in Chile? must also answer the question: why is it in New Zealand or Europe, but apparently (in the absence of fossil representatives) not in Brazil, or India, or North America? In its global perspective panbiogeography perhaps offers a more effective alternative to the focus on subdividing the biogeographic landscape into watertight ‘provinces’ – a practice that goes back to Roman times (Grehan, 1990).

The global significance of American biogeography was recently illustrated in an analysis of globally basal centers of endemism (Heads, 2009). This showed that basal animal and plant clades are not indifferently scattered across the globe. They are concentrated in particular geographic sectors where the basal clades of unrelated groups occur together. In Darwinian biogeography the localities of basal clades indicate centers of origin. But in panbiogeography basal groups are seen simply as smaller or less speciose sisters of larger groups that may be globally distributed. The location of basal groups therefore represents the initial site of differentiation in an already widespread (even global) ancestor. Major centers of basal differentiation in the Old World include the Tasman-Coral Sea, SW Western Australia, Sumatra/Borneo, S. China-Taiwan-Japan, South Africa, Madagascar, SE Tanzania-Cameroon, and Western Mediterranean. In the New World (Fig. 20) important centers are located on accreted terranes (Mexico-western Columbia/Ecuador/Antilles) and cratonic South America (Northern Colombia/western Venezuela, Guayana shield, Minas Gerais, southeastern Brazil-northeastern Argentina-Central Chile, and Juan Fernandez Islands. In addition, three basal groups in South America are trans-continental: Thurniaceae (sister group to the cosmopolitan Cyperaceae and Juncaceae) in South Africa and the Guayana shield), and Welwitschia (sister group to the pantropical Gnetum) in northeastern Brazil (fossil)-southwestern Africa.

The geographic coincidence of basal lineages in different groups requires a global biogeographic understanding of their origins rather than purely local effects of chance survival and ecology within a geographic area of endemism. Panbiogeographic analysis shows that the biogeographic structure internal to areas such as “America”, the ‘Neotropics’, or any geographic subdivision is integrated with the biogeographic structure external to such areas. This global integrity in distribution shows that events external to those areas must be considered. This necessity was demonstrated by Croizat’s (1961) analysis showing that the main trends in biogeographic relationships for the Americas were not north-south as required by dispersal theories, but east-west. Recognition of these patterns led to his well known prediction that the New World was also a geological east-west composite. This prediction was later corroborated through geological research that showed the western accretion of Pacific terranes to the eastern geological blocks that had separated from Africa and Europe through the opening of the Atlantic (Craw et al., 1999). The composite biogeographic and tectonic structure of the Americas continues to be ignored in most biogeographic studies, particularly those that confine themselves within particular geographic boundaries and look to dispersal ability as the key to biogeographic origin.

The composite tectonic structure of the Americas is also evident in the South West Pacific where New Zealand, New Caledonia, and New Guinea are all geologically polyphyletic. Each includes several eastern terranes of Pacific origin with diverse affinities. To the east of the Solomon Islands is the Early Cretaceous Ontong Java Plateau, a very large, almost entirely submarine plateau that includes a thick succession of volcanic rocks produced with a subaerial origin and evidence of fossilize or carbonized wood fragments. In the Americas several basal groups are endemic to the Guerrero terrane. This is a large Pacific island arc complex that accreted to Mexico in the Jurassic-Cretaceous. Geological sectors of accreted Pacific terranes in Colombia west of the Romeral fault zone are also highly significant for biogeography as are the Jurassic-Lower Cretaceous island arcs comprising the Coast Range in Central Chile.

The tectonic and biogeographic affinities of America with the Pacific are congruent with tectonic models that identify a complex geological history for the Pacific basin following formation of the Pacific Plate in the mid Jurassic (Fig. 21). The Ontong Java, Manihiki and Hikurangi plateaus are three large igneous plateaus now located in the Western Pacific that were emplaced in the early Cretaceous and may represent fragments of a larger ancestral plateau. The Ontong Java plateau may also have formed in the Central Pacific near the Gorgona Plateau that is now accreted to western Ecuador and Colombia as well as the Caribbean. In addition to these igneous provinces, major island arc terranes in the eastern Pacific accreted to North, Central, and South America. 

(4.2) Madagascar 

Reliance on complex phylogenetic techniques in the absence of conceptual clarity may confound biogeographic understanding (Heads, 2005b). An example is a phylogeographic analysis of 52 chameleons (Raxworthy et al., 2002) that indicated six clades with the terminal three distributed in Madagascar-Seychelles, Africa-India, and Madagascar-Comoros-Réunion (Fig. 22). 

This pattern was characterized by Raxworthy et al. (2002) as incompatible with a Gondwana breakup model. Instead, an “out of Madagascar” dispersal model was theorized by assuming chance dispersal over water rather than analyzing the patterns and investigating the local overlap of Madagascar distributions in further detail. The occurrence of endemic chameleons on the Comoro Islands formed 0.13-5.4 Ma was treated as corroborating evidence of dispersal because the direct ancestor could only have reached the islands by oceanic dispersal – but this makes the drastic assumption that there has been no prior land in the area. While the analysis by Raxworthy et al. (2002) has portrayed long-distance dispersal as being important, the occurrence of chameleons, freshwater fish and terrestrial mammals on Madagascar is also seen as paradoxical because they are all considered to have poor dispersal ability. How they reached Madagascar is relegated to speculation so that biogeographical problems, such Madagascar, are reduced to a morass of mysteries and paradoxes (Heads, 2005b). 

(5) EVOLUTIONARY ECOLOGY

It is now well understood that Croizat’s panbiogeography demonstrates that “earth and life evolve together” (Craw et al., 1999; Morrone. 2009). It is equally the case that this fundamental principle is still widely ignored in evolutionary biogeography as most biogeographers look to means of dispersal to explain the origin of vicariant distributions. With this Darwinian emphasis on mobility as the essence of distribution and differentiation, the ecological implications of a shared history between earth and life are also overlooked. During his voyage on the Beagle Darwin (1845) became aware of the impact of uplift and subsidence on the elevational distribution of strata and the fossils they contained. The evident rate of uplift was sometimes very impressive and volcanic activity in South America indicated a common cause for geological events that were separated by thousands of kilometers. Darwin also saw evidence of previous flooding by the sea within the modern landscape – he imagined valleys and plains of South America as formerly inundated, and the outline of inland cliffs in Australia as marking a former shoreline and bays. He also envisaged geographic barriers to the spread of biotas, such as between North and South America, but he did not imagine the possibility that what affected the vertical distribution of geological strata may also affect the life upon the strata. 

Panbiogeography integrates what Darwin did not, the ecological as well as the biological consequences of a shared history between earth and life. One of the most critical contributions of panbiogeography to evolutionary theory is the introduction of a different evolutionary understanding of dispersal. What are assumed in Darwinian biogeography to be ‘means of dispersal’ responsible for the origin of vicariant taxa are in reality no more than their ordinary ‘means of survival’. In all taxa some kind of locomotion is responsible for re-distribution of offspring within a habitat, but only under particular circumstances do these means of survival result in the expansion or alteration of a geographic range. Means of survival allow the colonization of new landscapes and it is this process that allows organisms to persist within a geologically unstable region. This may occur on a broad landscape where marine transgression, orogeny, or volcanic ecology may destroy life in some localities while also creating new landscapes that may later be colonized by surviving organisms. The same process also applies to oceanic islands where organisms may persist by their ability to transfer between individually ephemeral islands.

It is widely assumed that the dispersal ability of oceanic island organisms is evidence of their having dispersed over water from centers of origin in surrounding continents and that the age of endemic island taxa can be no older than the islands themselves. However, using individual islands to calibrate the age of taxa is likely to underestimate their phylogenetic age because it ignores the fact that islands are often just the latest in a series of older islands in the same region. For example, small, low, flat islands barely above sea-level near New Caledonia may be young, but they rest on the Loyalty Ridge that has an active geological history dating back to the Cretaceous. Similarly, Kadavu Island in Fiji was used to generate a date of 1.5-2.5 Ma for its taxa, but the island is preceded by an active geological history from Eocene to Miocene time. In the southwest Pacific, where most biogeographic reconstructions invoke dispersal from continents to ‘explain’ the island biota, most islands are young, but they are formed at subduction zones and fissures that have existed from tens of millions of years. This situation also applies to the Lesser Antilles that support endemics such as Cichlherminia, basal to a global clade of thrushes (Heads, 2009).
5.1 Metapopulations and Rockstack ecology

Species ranges may persist even though individual populations and islands may come and go. As some populations are extirpated, others are established in new habitats as a patchwork of populations within the species range. This process also occurs on a biogeographic scale as taxa may have an ephemeral existence on individual islands, but persist over a geographic area by their ability to disperse onto new islands as older islands subside beneath the sea (Fig. 23). Endemic taxa may survive as populations of populations (metapopulations) on ephemeral islands formed around tectonic zones of subduction and rifting where it is the age and history of these tectonic processes, not the individual islands, that is relevant for the biogeographic understanding of their age and origin. The same model may apply to continents or other large landmasses where endemic taxa survive by dispersing onto new habitats resulting from marine transgression or volcanic activity. Alpine or upland taxa may sequentially colonize new mountains or volcanoes as earlier formations are eroded, leaving old endemics surviving on younger mountains and taxa originating on older Mesozoic landscapes may end up by being endemic to younger sediments (Heads, 2005).


Island endemics must be able to survive on small islands with restricted ecological or climatic variation and also be able to colonize new islands. This means the only taxa present will be  those that have sufficient dispersal ability to survive under these conditions. Terrestrial organisms with limited or no tolerance to salt water, such as amphibians are usually absent and mammals are limited to rodents, bats, or marines species on oceanic islands and the fauna is dominated by organisms such as invertebrates, lizards, and birds. This type of community may be referred to as having a rock stack ecology that is typical of small rock stacks along an eroding coastline. If this type of ecology is subsequently incorporated into a larger landmass, the subsequent biota will continue to exhibit this type of ecology. An example is represented by New Zealand where invertebrates, birds, and reptiles are dominant. Land mammals are limited to a few bat species and the only frogs are a basal group of amphibians with trans-Pacific relatives (Heads, 1990, 2009)

(5.2) Galapagos Islands

The Galapagos archipelago comprises islands generated by a stationary hotspot beneath the eastward moving Nazca and Cocos plates. As the islands are tectonically transported from the hotspot they erode and eventually submerge, resulting in a series of drowned islands extending northeast to Panama and east to Ecuador. In the absence of evidence of direct continental connections, most biogeographers attributed the origin of all terrestrial life to chance dispersal by plants and animals over the ocean from the Americas. This history of dispersal was limited in time to the age of the current islands, about 5 Ma, until the older series of islands were discovered. It was then accepted that the initial dispersal led to the colonization of former Galapagos Islands and this was followed by sequential colonization of younger islands. Although this metapopulation concept was applied to the Galapagos, the underlying assumption remained that of dispersal overwater from an American center of origin.

The dispersal model for the Galapagos was questioned by Croizat (1958) because there are distinct vicariant track relationships between Galapagos and the Americas (Fig. 24). For example, the snake genus Alsophis is found only in Cuba and Hispaniola and at the Galapagos. In contrast the flightless weevil genus Galapaganus occurs in the Galapagos. Ecuador, and Peru a pattern shared by the winged wasp genus Tachysphex (Fig. 24a,b). Other distributions such as scorpions (Iuridae) occur in North and South America and the Galapagos, but not Central America (Fig. 24c), and alternative tracks may even be represented by different lineages within individual taxa such as the plant Darwiniothamnus (Fig. 24d).

Croizat (1958) argued that the Galapagos had the same biogeographic characteristics as a node located deep within a continent, indicating that the islands’ biota was ‘continental’ rather than simply ‘oceanic’. This observation led to the prediction (pre-plate tectonics) that the Pacific coastline of the Americas formerly extended further west as a complex series of island clusters and that the Galapagos was associated with a major, then unknown, tectonic feature. These geological predications were made at a time when the seafloor had not been tectonically mapped and understood, and before Wegener’s theory of mobile continents was widely accepted among geologists. 

Croizat’s (1958) geological model was dismissed by dispersalist biogeographers because there was said to be no supporting geological evidence, as if geological theory determined biogeographic history. But in the 1970’s seafloor mapping demonstrated the relationship between the Galapagos and the Galapagos spreading center and geologists developed historical models requiring Central America and the Greater Antilles to have originated within the Pacific basin west of the Galapagos. Eastward movement of these island arcs in the Cretaceous would have provided the opportunity for their intersection with the Galapagos and the redeposition of island arc biota onto the hotspot volcanoes. Some were able to persist into the present by colonizing new islands as they formed while the older islands eroded and subsided beneath the eastern Pacific. As the island arcs continued eastward they eventually accreted to North, Central, and South America along with their biota, including relatives of those organisms that remained at the Galapagos hotspot. In this context the origin of the Galapagos-American relationships are not westward over-water dispersal from the American mainland, but geologically mediated relocation of organisms eastwards (Fig. 25).

(6) THE BIOLOGICAL SYNTHESIS
Panbiogeography is the only biogeographic method to generate an integrated evolutionary synthesis of the biological differentiation of form over space and time. It has led to evolutionary models that conflict with the popular theory of natural selection theory acting on ‘random’ variation while being concordant in many respects with biological theories generated from molecular and developmental studies.

(6.1) Ancestor

The natural selection model of speciation looks to individual random mutations originating at a particular point and being spread through a population by natural selection, as if the origin of the new species has nothing to do with any other species. Panbiogeography demonstrates vicariant differentiation of a widespread ancestor as the standard process of biological evolution over space and time. The origin of a new ‘species’ (or any other taxon) is necessarily found in the preceding ancestor that is widespread (relative to the immediate descendants) and is also the ancestor of other vicariant descendants. In looking to the origin of species it is therefore necessary to examine mechanisms of biological differentiation that operate over a widespread geographic area rather than at individual isolated points (Heads, 1985). In the recombination of characters model proposed by Croizat (1958) differentiation is a consequence of different combinations of ancestral characters resulting in different evolutionary developments – whether as a consequence of new combinations producing novel structures, or as a mutational bias. The ancestral characters represent a type of organization that constrains the possible outcomes of future evolutionary change. A mouse, for example, has the type of organization characterized as ‘rodent’, and a rodent is, in turn, has a particular recombination of a mammalian type of organization. This does not preclude the origin of novel mutations, but it suggests that origin of mutations is conditional upon the preexisting molecular biological structure of an ancestor, a possibility that was also recognized by Charles Darwin who developed laws of growth. This is a theory of evolutionary change without natural selection that is usually ignored by Darwinian scholars (Grehan, 1984; Grehan & Ainsworth 1985; Heads, 1984).

The panbiogeographic model of differentiation that is not based on selection was erroneously opposed by Darwinian evolutionists as being teleological or unfounded (Grehan and Ainsworth, 1985), but the fields of molecular and developmental evolution are generating similar biological models of differentiation to those of panbiogeography. Proposed molecular drive mechanisms allow for biased gene conversation and transposable elements that may spread through a population without requiring increased reproductive fitness (Craw et al., 1999). In addition, developmental genetics recognizes the role of regulatory genes that may profoundly reorganize the biological organization of species without requiring a process of gradual change through the accumulation of incremental structural genes (Schwartz, 1990). These regulatory models may be comparable to Croizat’s (1961) concept of morphogeny where individual features are seen as alternative morphologies generated from a common ancestral process of development (Fig. 26). The legs, antennae, and genitalic appendages of an insect, for example, represent different morphogenetic byproducts of a generalized ancestral appendage that are morphologically distinct only by their different locations on the insect body (Croizat, 1964). This relationship is genetically represented by the differential expression of homeobox genes (Schwartz, 1999). A morphogenetic model of flower evolution through the combination of an ancestral fertile placenta with a sterile scale was proposed by Croizat (1961), but many traditional comparative studies of  flower anatomy continue to focus on definitions based on the individual morphological byproducts as distinct entities so their shared morphogenetic origins are obscured (Heads, 1984).

(6.2) Teleology 

The theory of evolution was supposed to mean the end of teleology – purpose as an explanation of origin (Grehan, 2009). In practice students continue to learn teleological thinking before anything else. The evolution of structure is ‘explained” by its functional purpose so that teleological language permeates ‘modern’ biology - the eye evolved to see, trees grow in order to reach the light, the purpose of a leaf is photosynthesis, rabbit’s teeth grow continuously so that they can feed on abrasive grasses (Heads, 2009). Some evolutionists respond by saying that evolution is not teleological and that the teleological language does not describe the actual evolutionary process. But if this is the case, why does teleological language continue to be so important for evolutionary biology? It is not used in physics to describe the motion or relationships of physical objects. For example, no one in science refers to the purpose of planets, stars, atoms, or the physical laws of the universe (Heads, 2009).

It is sometimes argued that natural selection does not require reference to teleology. The problem with this assertion is that the history of biological structures is interpreted as a succession of features and functional changes that are regarded as more efficient. This sequence leads to the argument that each selection event results in an improvement, which begs the question of how supposedly random mutations could fortuitously turn up at the right time and place to be selected for. Inevitably the result is an argument by design (cf. ‘intelligent design’), in which biological structures, especially adaptations, evolve because they represent ‘improvements’ that produce increased fitness. This argument by design is inevitable because function is widely seen as the justification for the origin of form. Function ‘explains’ form and function is the reason why biological form exists. Otherwise why would any biological form exist? For example the anteater has a specialized mouth that allows the anteater to eat small invertebrates, particularly ants. A teleological explanation identifies the need for an ant eating diet that leads to selection for a series of cranial modifications. A non teleological explanation would identify structural changes in the vertebrate skull (such as reduction and fusion) resulting in a tubular rostrum that precluded the anteater from eating anything else. Here it is structure that determines function (Heads, 2009).
Many evolutionists now refer to ‘trends’, ‘tendencies’ and other terms that emphasize the role of pre-existing aspects of the genome or developmental architecture that predisposes evolution in certain ways and not others. Even Darwin, who began with an emphasis on teleology and selection later moved towards recognizing of laws of growth (Heads, 2009). This is not to say that natural selection does not exist, but it does say that an understanding of structural evolution is just as important as understanding how it interacts with the environment. 
(6.3) Evolutionary Conservation

Panbiogeography is the foundation of evolutionary conservation because it documents the evolutionary structure of biodiversity in space and time. Nodes provide information on centers of diversity and tracks identify their spatial interrelationships. Main massings represent diversity gradients for particular taxa and along with the baseline provide information on the tectonic origins and significance of individual taxa and entire biotas. In this context panbiogeographic analyses are synonymous with biodiversity analysis that identifies the evolutionary structure and significance of plants and animal distributions.

A panbiogeographic approach to conservation and biodiversity provides a methodological approach to conservation and could lead to the development of an Atlas of Biodiversity. This would provide empirical biogeographic information on individual taxa and biota without requiring the imposition of artificial units in the form of geographically bounded ecological or biogeographic areas. Instead of hierarchically subdividing the world into ever smaller units, the Atlas would emphasize life as a global web of tracks and nodes in which the origin of biodiversity within a local region is bound up with the development of planetary life in general. Individual applications of the Atlas concept have since been considered by several biogeographers (Prevedello & Carvalho, 2006). 

A method that combined track and phylogenetic information for priority-ranking biodiversity at different areas of endemism was proposed by Morrone (1999). In this method nodes have the first priority and are ranked within each generalized track within an area of endemism according to their phylogenetic value (the number of groups encompassing each species). An application of this approach was made for areas of cloud forest in the state of Hidalgo (Mexico) using parsimony analysis of species presence and absence to generate a cladogram (Luna Vega et al, 2000). Clade defining species were sequentially removed and the data re-analyzed to identify other clades. The localities of each clade were mapped as minimum spanning trees (tracks) and the cloud forests were ranked according to the number of intersecting tracks (Fig. 27). The highest ranking forest, Chapulhuacán, was found to have six generalized track relationships, and therefore a high potential conservation value. None of the cloud forest areas in Hidalgo region were under official protection.

A more ambitious multi-taxa application was made by Prevedello and Carvalho (2006) for the Cerrado and pantanal biomes in Brazil by mapping the tracks for 55 plant, mammal, bird, and insect species. The 48 nodes within the Cerrado were recognized as priority areas for biodiversity preservation. The nodes were ranked according to the number of generalized tracks they connect, with 22 nodes supporting two generalized tracks, 15 supporting three, seven supporting four, and four supporting five. Nodes in the latter two categories were recognized as the highest priority for conservation. Only 21% of the nodes were found to be entirely or partially in protected areas and only 13% were fully protected, but 77% were located in areas identified as priority areas for conservation (Fig. 28). Ten nodes were found to be in an advanced level of ecological degradation, indicating that key localities were threatened or already lost. Prevedello and Carvalho (2006) concluded that their analysis revealed deficiencies in the current protected areas system, particularly with respect to its historical-biogeographic history, but also corroborated the importance of protected areas that encompass biogeographic nodes. 
The comparison of species presence and absence from disjunct areas represents an important step in developing a biogeographic framework for biodiversity analysis. To fully capture the spatiotemporal significance of species tracks and nodes it will also be necessary to integrate the phylogenetic relationships of those taxa both within the areas being considered and externally, with respect to the world as a whole.

(7) INTO THE FUTURE


The biogeographic past has been, and continues to be, heavily influenced by the Darwinian research programs generated in the United States and the United Kingdom. Ironically, Darwin had relatively little to contribute to the science of biogeography, but his fundamental assumption that biological evolution requires centers of origin and the ability of organisms to disperse is perhaps even more pervasive today than in his time. Under the apparently protective umbrella of molecular clock theory, Darwinian biogeographers have rushed to print multitudes of dispersal theories based on the false assumption that divergence dates are precise or maximal, and this popularity has been misleadingly represented as progress emanating from the application of ‘powerful’ research tools. But molecular clock theories of dispersal are as fictional as their fossil-based predecessors, and require incongruent evidence to be dismissed or ignored (usually the latter). 

It is no surprise that panbiogeography became a major inconvenience for Darwinian evolutionists and biogeographers of the latter 20th century. Panbiogeography has had the privilege of being declared dead on arrival by the Darwinian theorist Ernst Mayr (Croizat, 1984), the vicariance cladist Ole Seberg (Seberg, 1989), the center of origin/dispersalist John Briggs (Briggs, 2008), and the molecular dispersalist Matthew McGlone (McGlone, 2005).  Of course the repeated assertions beg the question of why it is necessary to continue making the declaration. Through the pioneering efforts of Robin Craw and Michael Heads (while still graduate students) panbiogeography began to flourish in New Zealand during the decade of the 1980’s (Matthews, 1990). At that time research students often enjoyed the luxury of being able to choose their research topics and perspectives rather than being subordinated to the priorities of a scientific industrial complex. This was also a time when molecular reductionism had not yet eclipsed the natural sciences and the financial model for student support did not drain time and resources away from independent thinking. was The growing dominance of Darwinian evolution and biogeography later negated these advantages within New Zealand research and funding institutions and consequently panbiogeography was successfully marginalized (Heads, 2005). But like a persistent weed, panbiogeography has reemerged as part of global intellectual Diaspora, particularly among new researchers in Chile, Argentina, Brazil, Venezuela, Colombia, Mexico, France, and Italy (see Morrone & Llorente-Bousquets, 2003, 2006).
If recent literature is an accurate indication, there is more interest and activity in panbiogeography within Latin America than in any other region of the world. This intellectual excitement and ferment was most apparent at the 2008 XXVII Congresso Brasileiro de Zoologica Neotropical Biogeography symposium hosted by Cláudio de Carvalho and Dalton Amorim (Lowenberg-Neto and Hasyama, 2009). The wide-ranging seminars were well-attended (especially by students) and covered all aspects of biogeographic method and theory. Together with the prevalence of biogeography in poster presentations on Brazilian biodiversity, this shows that the science of biogeography in Brazil is dynamic and progressive. If there is any lesson from the history of biogeography, it is the persistence of alternatives. There is no historical imperative requiring future Latin American biogeography to subordinate itself to Darwin’s (1859) theory of evolution. The students of today will be the leaders of tomorrow. Five decades ago Leon Croizat took the first major step outside Darwinism. Two decades ago New Zealanders initiated a second step. Who will pioneer the third?
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