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Preface

Global Advances in Biogeography is the result of an open invitation from InTech-Open
Access Publisher , to compile authorities on biogeography from around the world.
Numerous authors proposed chapters on their work, and those presented here are the
fruit of those proposals. As editor of this book, it has been my pleasure to collaborate
with these many, fine contributing scientists. This text brings forth a great amount of
fresh information on the biogeography and ecology of poorly known taxa and
landscapes, and explores biogeographic processes not previously studied. The
assembled work is an anthology of issues in modern biogeography, with topics
ranging across regional to global spatial scales, and ecological to evolutionary
temporal scales. Among the fields reported upon here are landscape ecology,
biogeographic range analysis, morphological and molecular phylogeography,
cladistics, and tectonics, seasoned with considerable natural history. Thus, the book
reflects the broad range of interdisciplinary fields that contribute to contemporary
biogeography.

This book explores four overlapping themes in biogeography among multiple plant
and animal groups, across subcontinental to global spatial scales, and over
evolutionary time. These four themes include: 1) biogeographic theory and tests of
concepts and processes; 2) the regional biogeography of individual taxa; 3) historical
and contemporary biogeography of complex landscapes; and 4) the evolutionary
biogeography of macrotaxa.

In the first chapter of the conceptual biogeography section, Khalid Al Mutairi et al.
explore the importance of nestedness among the plant species and plant functional
groups in the islands of the Farasan Archipelago in Saudi Arabia. Reporting that rare
species are more abundant on larger islands, they make the case for greater
conservation efforts on larger islands. In the next chapter, Hugo Mejia-Madrid
evaluates the roles of heterochrony and ecological fitting in the evolution of helminth
fish parasites. Contrary to expectations, helminth speciation lags substantially behind
that of their hosts, tending to occur in pulses associated with continent jumps among
hosts. Next in this section, Toshiharu Mita et al. combine life history, range analysis,
and mitochondrial genetic analyses to explain the puzzling processes through which
wingless dryinid wasps from continental Asia have colonized the Pacific islands of
Japan and Taiwan. Last in this section, Ratl Contreras-Medina and Isolda Luna-Vega
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review the concepts of cladistics methods for use in historical biogeographical studies,
including ancestral area analysis, phylogenetic biogeography, cladistic biogeography,
comparative phylogeography, and event-based methods. They report that different
methods emphasize the importance of different evolutionary processes, such as
dispersal, vicariance, extinction, and the biogeographic history of particular taxa, such
as endemics.

The second section of the book involves the regional biogeography of individual taxa.
This section begins with a chapter by Alberto Taylor and his colleagues on the
biogeography of cycads in Central America. Their natural history and experimental
ecological methods integrate the evolutionary context of the cycad lineage with
contemporary autecology, and they elucidate biogeographic patterns and conservation
priorities, the latter of which are under-appreciated but pressingly important in
Central America. The selection of biodiversity conservation targets is also a primary
concern in the subsequent chapter by Eusebio Carmona and Ana Ortiz, who describe
the phytogeography of the Island of Hispaniola. They use geological and distribution
data on the island’s 1,284 plant genera and more than 2,000 endemic plant taxa to
identify 19 biomes there, and they describe complex conservation challenges. The next
chapter by Benny Chan and Pei-Fen Lee explores the biogeography of the barnacles of
Taiwan, relating taxon distributions to coastal geomorphology and the complex array
of oceanic currents around the island. Global climate changes in ocean water
temperature may permit southerly, warmwater taxa to expand northward, invading
habitat presently occupied by coldwater taxa. The final chapter in this section is by
Marcela Vidal and Helen Diaz-Paez, who present the first dynamic biogeographic
synthesis of Chilean herpetofauna. Two of the many interesting elements of their
synthesis are: a) a positive correlation between body size and conservation risk among
the 191 amphibian and reptile taxa that comprise the fauna; and b) evidence of a
pronounced attenuation of species richness both northward and southward from
central Chile - the former pattern running counter to, and the latter pattern in accord
with the temperate-tropical latitudinal species richness gradient that so strongly
dominates herpetofaunal biogeography.

The third section of the book focuses on regional to sub-continental biogeographic
analyses across taxonomic groups in complex landscapes. The first chapter by Isolda
Luna-Vega and Ratl Contreras-Medina employs the methods proposed in their
previous cladistics chapter (Section 1). They assess the historical biogeography of the
Mexican Transition Zone, reporting that, while challenging to interpret, integrated
morphological and molecular phylogenetic approaches are needed to advance
understanding of the biogeography of complex landscapes. Next, I evaluate the
biogeographic significance of large, deep canyons using contemporary range and
habitat analyses of the flora and fauna of the Grand Canyon (GC) of the Colorado
River and the surrounding ecoregion on the Colorado Plateau. These analyses
demonstrate that more than 80 per cent of the species in the region are influenced by
GC as a corridor, a barrier, or a refuge - data that is corroborated by growing
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molecular evidence. The third chapter in this section is by Patricio De los Rios-
Escalante and Alfonso Mardones Lazcano. They provide basic information on the
micro-crustaceans of the Rio Loa in the Atacama Desert of northern Chile, the largest
river in the driest desert on Earth. They describe and explain how the highly endemic
fauna in the river's Andean headwaters shifts to a mixed and more randomly
organized fauna at lower elevations. The final chapter in this section is a description
by Monica Axini of the biogeography of the little known Conacu-Negreti Valley in
Dobrudja, Romania. This remarkable landscape supports numerous rare and endemic
species, as well as a large lake formed only 60 years ago through catastrophic flooding
and natural impoundment of the valley.

The fourth and final section of the book involves biogeographic analyses that
contribute to the understanding of macrotaxon evolution. The first chapter in this
section, by Santiago Martin-Bravo and Marcial Escudero, demonstrates how molecular
bioinformatics has revolutionized evolutionary biogeography. Specifically, they
provide insight into long-standing questions on centers of diversification and
remarkable range disjunctions among the Resedaceae and the Cyperaceae. Next,
Melissa Sanchez-Herrera and Jessica Ware review the ecology of Odonata (dragonflies
and damselflies), relating natural history and paleontology to evolutionary radiation
and biogeography. Their recommendations include more detailed analyses of
phylogenetic relationships within several of the larger families, as well as more
thorough investigation of rare South African taxa. In the third chapter, Edward
Mockford reviews the biogeography of North American Psocoptera (bark lice). He
concludes that the biogeography of this small order of insects has been influenced by
life history constraints and human transport; however, much more basic research is
needed before clear biogeographic patterns can be identified. Lastly, Francisco
Cabrero-Santudo explores distribution patterns of the hyper-diverse Aphodiini dung
beetles (Scarabaeidae) across the globe, reporting that development of clear, testable
hypotheses on current distribution requires a good understanding of crown group
distribution, good phylogenetic information, and also comprehensive paleontological
data. Specifically within the Aphodiini, the Palaeotropical, Palaeartic, and Nearctic
regions have been the principal post-Pangaea diversification centers at different times,
but subsequent migration and extinction processes have obscured linkage between
past events and present-day distributions.

Three issues are repeatedly highlighted among the chapters of this book. First,
contemporary and historical biogeographic analyses require high-quality taxonomic,
natural history, and autecological information, multidisciplinary data that are all too
often unavailable. For example, baseline information on the three-dimensional
distribution and autecology is lacking for most species. Such habitat and elevation-
based range studies provide profound insight into the adaptations of contemporary
biota to environmental conditions and potential responses to climate change. This
situation is worsened by the retirement of many in the scientific taxonomy
community; individuals who often hold irreplaceable knowledge about their focal

Xl
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taxa. An urgent need exists for more and better-trained whole-organism ecologists and
taxonomists and natural historians. Second, historical biogeographic reconstruction is
still a young science, one involving syntheses forged through interpretation of
multiple lines of evidence. Reports from several authors that different combinations of
analytical approaches are needed to interpret the historical biogeography of different
taxa indicates that this field is not formulaic, but requires considerable scientific
creativity and collaboration. As such, biogeography will continue to generate large,
profound scientific questions and heated debates. Lastly, a theme noted by nearly all
contributing authors is that time is running out on our ability to understand natural
biogeographic patterns because of on-going and pending human-induced changes in
species distributions. Rigorous, conscientious conservation is needed to preserve the
enormous number of rare and endemic taxa and ecosystems throughout the world, as
well as key physical and ecological processes.

The human impacts of global climate change, extinction, habitat alteration, and the
introduction of non-native species are the greatest challenges to global sustainability
and the future of humanity. These challenges cause many of us to wonder about the
evolutionary future of life on Earth, a planet that has provided us each with so much
to admire, love, and ponder in reverence. Speaking for all of the contributing authors,
it is my deepest hope that this book contributes to improved stewardship of the Earth,
and to increased respect for, and conservation of, its astoundingly diverse biota.

Acknowledgements

I deeply thank all of the contributing authors for their fine, rigorous, scientific
advances in the field of biogeography. Many of the authors express their own
acknowledgements in their own chapters. As editor, I thank InTech-Open Access
Publisher, and particularly Ms Dragana Manestar, for facilitating this endeavor. I
received much-appreciated support from the Annenburg/Explore fund to review and
edit this book. I also warmly thank the Museum of Northern Arizona, Dr Breunig its
Director, and the Museum staff for administrative and office support during the
writing and editing of this book.

I dedicate this book to three women in my life who have taught me so much: my dear
mother Patricia, my loving wife Jeri, and my wise daughter Phoebe.

Lawrence E. Stevens, PhD

Curator of Ecology, Biology Department
Museum of Northern Arizona, Flagstaff,
USA



Part 1

Biogeographic Theory:
Testing Concepts and Processes






Influences of Island Characteristics

on Plant Community Structure of
Farasan Archipelago, Saudi Arabia:
Island Biogeography and Nested Pattern

Khalid Al Mutairi!, Mashhor Mansor?!, Magdy El-Bana?3,
Saud L. Al-Rowaily? and Asyraf Mansor!

ISchool of Biological Sciences, Universiti Sains Malaysia, Penang,
2Department of Plant Production, College of Agricultural & Food Sciences,
King Saud University, Riyadh,

3Department of Biological Sciences, Faculty of Education at El-Arish,

Suez Canal University, EI-Arish,

IMalaysia

2Saudi Arabia

SEgypt

1. Introduction

Biogeographers have long been fascinated by the factors influencing numbers of species on
islands. The increase in species number with area is one of the oldest known ecological
patterns, first documented by Watson and deCandolle in the mid-nineteenth century
(Rosenzweig, 1995). Island biogeographers lacked a cohesive body of theory, until island
biogeography equilibrium theory (MacArthur & Wilson, 1967) attempted to explain
variation in species richness between islands of different area and isolation. The theory
predicts that species richness decreases with decreasing island area and increasing isolation
as these two variables influence immigration and extinction (Rosenzweig, 1995). Numerous
studies have examined and argued the stability of these relationships on different island
groups and for different taxonomic categories.

However, the equilibrium theory should be expanded to include other aspects of insularity
other than area and isolation in order to fully understand the mechanisms of island
biogeography (Whittaker, 2000). In addition to area, distance, and elevation, numerous
other variables have been examined as potential predictors of insular species richness, such
as habitat diversity (Rafe et al., 1985; Kohn & Walsh, 1994), rainfall (Heatwole, 1991), soil
type (Johnson & Simberloff, 1974), energy (Wright, 1983) and disturbance (El-Bana, 2009).

Although classical island biogeographical theory has been questioned (Gilbert, 1980;
Whittaker, 2000) and a call for a new paradigm of island biogeography has been issued

* Corresponding Author
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(Lomolino, 2000a), area and distance still play primary roles in alternative theories (Heaney,
2000; Lomolino, 2000b). In general island area, and to a lesser degree isolation, can hardly be
disputed as important determinants of insular species richness.

Area might influence species richness directly in two ways: larger islands present larger
targets for dispersing individuals and they generally support larger populations. Thus,
island area may influence species richness by its effect on colonization rates or on the
outcomes of several mechanisms that determine vulnerability to extinction (MacArthur &
Wilson, 1967). Area might also influence species richness indirectly via its correlation with
other factors that affect diversity directly. Among the most plausible of such potentially
confounding variables is habitat diversity, which is often presumed to increase in direct
relation to island area (Kohn & Walsh, 1994). The negative correlation between island
isolation (distance from either the mainland and/or the large islands) and species
richness, although not as strong, is also well documented. Since species differ in the
maximum distance over which they can disperse, islands that are near the mainland will
potentially receive propagules from more species than will distant islands (Rosenzweig,
1995).

During the last decade, ecologists and biogeographers have devoted increasing attention to
the pattern of nested species assemblages in insular habitats. Nestedness occurs where
assemblages in depauperate sites are comprised of species that constitute subsets of species
that occur in successively richer sites. In nested biotas, common species tend to occur in all
sites while rare species tend to occur only in the richest sites. This pattern indicates a high
level of non-random organization of assemblages and has important implications for
conservation (Patterson & Atmar, 1986; Patterson, 1990; Patterson & Brown 1991; Fleishman
et al., 2007). Nestedness has been interpreted as a measure of biogeographic order in the
distribution of species (Atmar & Patterson, 1993). This pattern indicates a high level of non-
random organization of assemblages and has important implications for maintaining or
maximizing species diversity in ecosystems threatened by anthropogenic effects (Maron et
al., 2004; Fleishman et al., 2007).

Diverse biotic and abiotic processes are believed to generate nested distributions, including
selective extinction (Atmar & Patterson 1993; Wright et al., 1998), differential colonization
(Kadmon, 1995), nested habitats (Wright et al., 1998; Honnay et al., 1999), and differential
environmental tolerances among species (Fleishman et al, 2007). Differences in
environmental tolerances among species may interact with nested habitats to produce
nestedness. According to this hypothesis, species-rich sites are those that contain the
greatest habitat heterogeneity and/or have environmental conditions tolerable to the largest
number of species (Cook, 1995; Honnay et al., 1999). Differential nestedness among groups
of species (e.g., taxonomic groups or guilds) that vary in sensitivity to a particular
environmental variable may determine how that variable contributes to the general pattern
of species nestedness.

Nestedness has important implications for conservation, when species assemblages on an
archipelago or habitat fragments show nestedness, it is more efficient to protect large islands
or fragments than smaller islands or fragments (Patterson, 1987). Others have suggested that
the management of colonization processes might also be important for the long-term
maintenance of diversity (Lomolino, 1994; Cook, 1995).
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On the arid archipelagoes, environmental features such as salinity, aridity, habitat diversity,
elevation and human disturbance may interact with life history characteristics of plant
species in determining local extinctions or colonization. The islands and archipelagos of Red
Sea attracted less attention about their pattern of vegetation distribution and dynamics,
compared to the Mediterranean Sea (Panitsa & Tzanoudakis, 1998, 2001; Panitsa et al., 2006;
Médail & Vidal, 1998; Khedr & Lovett-Doust, 2000; Bergmeier & Dimopoulos, 2003; El-Bana,
2009).

Here we explore the patterns exhibited by plant species richness and nestedness on 20
islands of the Farasan archipelago in the Red Sea (Saudi Arabia) to identify possible effects
of island size, elevation, number of habitats and distance from species pool. We also
examine the best fit model for the total species richness, as well as the special patterns
exhibited by certain important taxonomic and ecological subgroups of plant species.

2. Materials and methods
2.1 Study area

The Farasan archipelago consists of more than 36 vegetated islands and extends between
longitudes 410 20" and 420 25" E and latitudes 160 20" and 17° 10" N along the southern Red
Sea (Figure 1). The islands, with elevation in the order of tens of metres, range in size from
very small, a few m?, to the very large island of Farasan Alkabir, about 319.5 km2. All islands
are an uplifted coral reef that formed during the Pleistocene on a foundation of salt diapirs
(i.e. domes of salt rocks from the Miocene; Dabbagh et al., 1984). There is some variation in
geomorphology among the islands despite their similar origin. The shore may rise gently to
be followed by salt marshes and sandy plains, or be marked by small cliffs emerging from
the coralline plateau and covered by coral rubble, and some islands feature a rugged structure
of hillocks and outcrops. Some islands such as Zifaf and Sasu islands are hilly. Large boulders,
gravels and small stones are found in the steep runnels of these islands.

The islands are an important habitats for both local and migrating birds. In addition, the
islands home for the threatened and endemic Arabian gazelle and other mammals (Masseti,
2010). Most of the islands are subjected to heavy human activities such as overgrazing and
wood cutting. Furthermore, the exotic and invasive tree Prosopis juliflora was introduced for
greening landscape along roadsides in Farasan Alkabir island. It has escaped the cultivated
sites and invaded the rich natural habitats such as Wadi Mattar.

Unfortunately, there are no climatic records available for Farasan Islands. The climate at
Jizan city (42 km from Farasan Islands) is hot and humid with a maximum daily
temperature in the range of 35-40°C during July. The overriding influence on the islands is
the high year-round humidity, mitigated by winds. The mean annual rainfall is about 70
mm at Jizan. As in other arid regions, the condensation of dew is very important for the
growth of vegetation on these islands (Osborne, 2000).

2.2 Data collection

Vegetation surveys were commenced in 2009 and 2010 during the rainy season from January
to April. Random sampling was used in selecting 20 islands to represent an array of sizes,
which ranged in area from 0.081 km? to 319.5 km? (Figure 1). Area (km?), distance (km) to the
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Fig. 1. Farasan archipelago showing the location of the 20 studied islands (Abkar, Abu
Shawk Umm Hawk, Ad Dissan, Al Hindiyah, Aslubah, At Targ, Dumsuk, Dushak, Farasan
Alkabir, Kayyirah, Manzar Abu Shawk, Manzar Sajid, North Reefs, Rayyak Al Kabir, Safrah,
Sajid, Shura, South Reefs, Sulayn and Zufaf.

nearest large island, and elevation (m) of each surveyed island were calculated by the program
(Arc*GIS, 2008 USA). Two hundred and ten stands were selected to represent the main
habitats on each island. Seven main habitat types were recognized: wet saline marshes, dry
saline marshes, sand plains, mobile sand dunes, wadi channels, and coral rocky crevices and
runnels. The stand size was about 10 m x 10 m in all habitats, except for the salt marshes and
the rocky crevices and runnels where vegetation appeared as strips; the shape was modified to
5 m x 20 m. In each stand, shoot presence/absence of all vascular plant species was recorded.
The position of each sampled stand was georeferenced using GARMIN GPS map 276.

All plant species were identified in each island following Chaudhary (1989, 2000); Collenette
(1999). Plant species were categorized in terms of their life-forms (therophytes,
hemicryptophytes, geophytes, chamaephytes and phanerophytes), salt tolerance
(halophytes and glycophytes) and succulence (succulents and non-succulents). Life-forms of
the plants were determined according to Raunkiaer classification (Raunkiaer, 1934). This
classification is of special importance for the vegetation in arid regions. These categories
reflect adaptation and tolerance of vegetation to the main environmental factors such as
drought and salinity. Furthermore, this classification was used as the processes and factors
that underlie species richness in these groups differ, resulting in different richness patterns
(Khedr &Lovett- Doust, 2000; Panitsa et al., 2006; El-Bana, 2009).

2.3 Statistical analyses

To identify factors that were important in determining the distribution of plant species and
their ecological subgroups, simple linear regression was performed on the species/ecological
group richness and biogeographical variables to characterize the functional relationships
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between the variables, as well as to generate predictive values from empirically fitted
regression models. Stepwise multiple regression analysis also was used to identify the best
predictor of total species richness and the partitions of the data set of ecological subgroups,
using area, elevation, shortest distance from the nearest large island and number of habitats
as predictor variables. It is not always clear which measure of geographical isolation to use,
i.e. distance from the mainland, the nearest large island, or just the nearest island, and
usually a different measure might be necessary for different islands (Turchi et al., 1995;
Sfenthourakis, 1996; Morand, 2000; Brose, 2003). In the present case, we chose distance from
the nearest large island (Farasan Alkabir) because this island is the most likely candidate for
serving as species pools for the other islands examined here. The regressions were run using
both logarithmic and arithmetic values for all variables and the best functions according to
the behaviour of residuals and the total variance explained (R2) were chosen. All regressions
and the estimations of parameters were carried out with SPSS v.16. We calculated Cole and
Mao- Tau sample-based rarefaction curves (Colwell et al., 2004) using EstimateS software
(Colwell, 2005, version 7.5).

2.4 Nested analyses

The data was prepared by constructing presence/absence matrices (1= present, 0 = absent)
where columns and rows represented species and islands, respectively. The islands (rows)
were rank ordered in relation to decreasing number of species and the species (columns)
were rank ordered in relation to decreasing number of sites occupied. We then conducted
nestedness analyses at two different spatial scales (entire species richness) and the ecological
subgroup scales. To determine nestedness of assemblages we used the Nested Temperature
Calculator computer program (Atmar & Patterson, 1995). This program calculates a
temperature value (T) for the matrix ranging from 0 to 100, based on its presence/absence
structure. A temperature of 0, indicates maximum order (maximum nestedness) and 100,
indicates disorder (complete lack of nestedness) (Atmar & Patterson, 1993). To determine the
significance of T (observed temperature) it is compared with the distribution of simulated
temperatures produced by randomization of the matrix in Monte Carlo simulations (500
iterations). This method was used because of its statistical properties and because it can be
directly compared among different taxonomic and ecological groups (Wright et al., 1998).

The effects of island area, number of habitats, isolation, and elevation on the degree of
nestedness were evaluated by correlating the ranking order of islands in the observed
matrix (arranged to maximize nestedness, Atmar & Patterson, 1995) with the order of
islands after re-arranging the matrix in relation to the aforementioned factors using
Spearman rank correlation. A significant relationship indicates that species are packed in a
predictable order owing to the influence of a given factor (Atmar & Patterson, 1995). This
procedure has proven useful for indicating possible mechanisms involved in nested
structure (Atmar & Patterson, 1995; Kadmon, 1995; Honnay et al., 1999).

3. Results
3.1 Species richness

We detected a total of 191 species among 129 genera and 53 families on the surveyed
islands. Most species occurred on relatively few islands (Figure 2a). About 95.5% (183 of
191) of the species occurred on < 10 islands. Likewise, most islands contained relatively few
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species (Figure 2b). About 80% (16 of 20) of the islands contained less than 60 species.
Rarefaction curves of Cole and Mao-Tau for species richness (Figure 3) reached the
asymptote before 18 islands, indicating that the sampling effort was sufficient to fully
capture the richness and diversity of plant species assemblages.
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Fig. 2. Frequency distributions of incidence (i.e., the number of islands on which a species
occurred) (a) and species richness (i.e. the number of species on an island) (b) for the toal
flora of the Farasan archipelago.
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Fig. 3. Relationship between the number of islands pooled and the observed species richness
of Farasan archipelago by rarefaction analysis. The asymptotic shape of the curve indicates
that analysis of 18 islands provided sufficient sampling to fully capture the richness and
diversity of plant species assemblages.

There was a significant positive relationship between island area and total plant species
(Figure 4) with r2 = 0.732 and Z = 0.491, P < 0.0001. Moreover, when the flora of each island
was classified into different ecological groups and logS/logA was constructed, it appeared
that each group had significantly different regressions. There were positive relationships
between island area and each of perennials (r2 = 0.735 and Z = 0.312, P < 0.0001) and annuals
(r2 = 0.691 and Z = 0.168, P < 0.0001) (Figure 4). Similarly, island area showed positive
relationships with halophytes (r2 = 0.426 and Z = 0.049, P < 0.041) and glycophytes ((x2 =
0.737 and Z = 0.439, P < 0.0001) (Figure 5). For succulence ecological groups, island area
related positively with succulents ((r2 = 0.669 and Z = 0.056, P < 0.0001) and non-succulents
(r2=0.73 and Z = 0.434, P < 0.0001) (Figure 5). For the different growth forms, island area
showed positive relationships with shrubs ((r2 = 0.673 and Z = 0.087, P < 0.0001), herbs (12 =
0.729 and Z = 0.189, P < 0.0001), trees (r2 = 0.816 and Z = 0.055, P < 0.0001) and grasses (12 =
0.684 and Z = 0.069, P < 0.0001) (Figure 6).

The number of habitats was related positively with the island area (r2 = 0.516, P < 0.001)
(Figure 7a). In addition, the total number of species had a positive relationship with the
number of habitats (12 = 0.847, P < 0.0001) (Figure 7b), and elevation (r2 = 0.366, P < 0.003,
data not shown). However, the distance from the largest island (Farasan Alkabir) has no
effect on the species richness (12 = -0.061, P < 0.887).
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Fig. 5. Relationships of ecological groups (halophytes, glycophytes; succulents and non-
succulents) with island area of Farasan Archipelago.

According to the stepwise regressions (Table 1), both island area and number of habitats
affect species richness. When the same analyses were applied separately for each ecological
groups, elevation was also significant parameter entering the model for perennials and
annuals. Area, number of habitats and elevation explained a high percentage (88.7%) of total
variance for annuals, while they explained about 72.3% of variance for the perennials. On
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the other hand, the number of habitats was not entering the model for shrubs, trees, non-
succuelnts and halophytes (Table 1). Area and number of habitats entered the models of
grasses, herbs, succulents, and glycophytes. Area and elevation were the only variables that
entered the model for both trees and non-succulents, while area alone counted for shrubs
(89.2%) and halophytes (76.2%). Distance from nearest large island (Farsan Alkabr) did not
affect either the total species richness or any ecological groups.

Shrubs o Troet
r= 0673 #
2= 0.087 rd )
i = 0816
¥ 7= 0.055 &
L 7 /
.
B 10 4 ® ._/z'g 10 4
E s
H] ’
1 .
g YL
e L 3 . N
- ]
; ®
//
4 o -

Grasses
'IDO: 100
] F= 0684
Z= 0.069
& [
E
=1
=
g
B 104 10 4
g
1 —— [ — T W A ———
oo o1 1 10 100 1000 [+ )] o1 1 10 10 1000
Log island area (km') Log island area (km"}

Fig. 6. Relationships of ecological groups (growth forms) with island area of Farasan
Archipelago.
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3.2 Nestedness pattern

The temperature nestedness calculator detected a high degree of nestedness for the entire flora
as well as for each of the ecological subgroups (Table 2). The temperature of the maximally
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packed matrix (Tmawix = 12.879) for the entire flora was significantly lower than the mean
temperature of the random matrices generated by the Monte Carlo-derived null model (Trandom
= 63.060, P<0.0001). Therefore, the plant communities were significantly nested.

Data set Function Adjusted R? P-value
All species 5S=041+416 A+655H 0.856 <0.001
Life span

Annuals S=6.12+4.61A +2.66 H+ 352 E 0.887 <0.001

Perennials S=771+839A+98H+132E 0.723 <0.001
Growth form

Grasses S=3.67+505A+843H 0.849 <0.003

Shrubs S=458+319 A 0.892 <0.001

Herbs S=245+231H+178 A 0.715 <0.001

Trees S5=428+235A+538E 0.921 <0.000
Succulence

Succulents S5=325+623A+212H 0.733 < 0.007

Non-succulents S=622+1412A+145E 0.832 <0.003
Salt tolerance

Halophytes S=359+116 A 0.762 <0.016

Glycophytes 5=7.64+493 A +14.73H 0.899 < 0.004

Table 1. Stepwise linear regressions of total species number and species number by
ecological subgroup. Only variables that enter the model are shown, with the total variance
explained and the statistical significance of the respective model. S abbreviates to species
richness, A to island area, H to number of habitats and E to elevation.

When each ecological group was analyzed separately, the species distributions were
significantly nested for all subgroups (Table 2). For the life span subgroups, the mean matrix
temperatures for perennials and annuals were 13.36° and 12.69° that significantly different
from the mean matrix temperatures of 62.64° and 58.92° generated randomly by Monte
Carlo simulations, respectively (Table 2). The life-form distributions were significantly
nested for all forms. The mean matrix temperatures were more strongly nested for
therophytes, geophytes and chamaephytes with 11.14°, 13.35° and 13.63° compared to
random temperatures of 58.44°, 59.87°and 58.92°, respectively (P<0.0001 for all). The mean
matrix temperatures of hemicryptophytes, and phanerophytes were 29.48° and 17.27°,
respectively. While, their random temperatures recorded 55.48° and 45.18°, respectively. For
the salt tolerance subgroups, glycophytes were more nested with a matrix temperature of
13.35° compared to the random temperature of 59.78° generated by Monte Carlo
simulations. On the other hand, the matrix temperature of halophytes was 22.33° which
significantly different from the random temperature of 61.43°.

The ordered accumulation of species was affected mainly by island area and number of
habitats, and to a lesser degree by elevation (Spearman’s rank correlation, Table 3). Island
area and number of habitats were also correlated for the different ecological groups. This
indicates such that species appeared to accumulate in orderly fashion with increasing area
and number of habitats. However, isolation was correlated neither to the total species
richness nor to the ecological groups.
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Data set Total number Matrix Random P

of species temperature (°C) temperature (°C) (T<Topserved)
All species 190 12.87 63.06 <0.0001
Life span
Perennials 123 13.36 62.64 <0.0001
Annuals 68 12.69 58.92 <0.0001
Life-forms
Therophytes 56 11.14 58.44 <0.0001
Geophytes 19 13.35 59.87 <0.0001
Hemicryptophytes 27 29.48 55.48 <0.0001
Chamaephytes 50 13.63 58.92 <0.0001
Phanerophytes 21 17.27 45.18 <0.0001
Growth forms
Trees 19 19.47 45.82 <0.0001
Shrubs 35 14.62 57.03 <0.0001
Grasses 29 15.48 54.07 <0.0001
Herbs 74 125 60.97 <0.0001
Succulence
Succulents 25 16.33 58.77 <0.0001
Non-Succulents 166 12.14 61.78 <0.0001
Salt tolerance
Halophytes 26 22.68 61.43 <0.0001
Glycophytes 165 13.35 59.78 <0.0001

Table 2. Results of the nestedness analyses as calculated by the nestedness temperature
calculator for total plant species and the ecological subgroups.

4. Discussion

The equilibrium theory of island biogeography (MacArthur & Wilson, 1967) identifies island
size and distance from the mainland as the two most important factors affecting species
richness. In the present study, there was no effect of isolation from the largest island
(Farasan Alkabir) on total species richness, or on richness of the ecological subgroups.
However, all categories of plants increase in richness with island size. This shows that (a)
Farasan islands adhere to the species-area relationship; and (b) this relationship exists across
ecological groups despite differences in the processes and factors that govern diversity for
these groups. It has been suggested that the value of the exponent Z should vary between
0.2 and 0.4 (MacArthur & Wilson, 1967; Rosenzweig, 1995). In the present study, the value of
the exponent Z for the total species richness is larger than 0.4. However, this is in agreement
with the reported values larger than 0.4 for the exponent Z in several other studies of plants
on islands (Rydin & Borgegad, 1988; Médail & Vidal, 1998; Panitsa et al., 2006; El-Bana,
2009). For example, the Z value of the log-log model for the Mediterranean arid islands is
0.56 (El-Bana, 2009). Rydin & Borgegad (1988) recorded values varying between 0.36 and
0.56. The strong correlation of species richness with island area, number of habitats and
elevation suggests that these quite steep slopes would not be due to the existence of a small
island effect (Gentile & Argano, 2005).
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Data set Area Number of habitats Isolation Elevation
All species 0.84** 0.65** -0.28 0.49*
Life span

Perennials 0.73** 0.58* -0.19 0.53*
Annuals 0.92%* 0.63** -0.08 0.60**
Life-forms

Therophytes 0.88** 0.71** -0.06 0.57*
Geophytes 0.79** 0.63** -0.22 0.47*
Hemicryptophytes 0.68** 0.53* -0.3 0.38
Chamaephytes 0.63** 0.48 -0.04 0.35
Phanerophytes 0.93** 0.70** -0.18 0.61*
Growth forms

Trees 0.86** 0.61* -0.02 0.49*
Shrubs 0.64** 0.55* -0.22 0.22
Grasses 0.68** 0.47 -0.34 0.33
Herbs 0.71** 0.57* -0.28 0.50*
Succulence

Succulents 0.63** 0.39 -0.04 0.28
Non-Succulents 0.82** 0.72** -0.31 0.52*
Salt tolerance

Halophytes 0.54* 0.32 -0.23 0.31
Glycophytes 0.87** 0.67** -0.12 0.55*

* and ** indicate the values are significant at < 0.05 and 0.001, respectively.

Table 3. Spearman’s rank correlations between the ranking order of islands in the observed
matrix and the islands were ranked by area, number of habitats, isolation and elevation for
the entire plant assemblage and their ecological groups.

In the present dataset the division of island flora into different ecological groups revealed
that the slopes of the species area regressions are significantly different for each subgroup.
For example, the slope of the log S/log A regression of glycophytes growing on the interior
rocky and sandy habitats was higher than that of halophytes growing on the shorelines of
islands. Similarly, the slope regression of succulents of saline habitats is lower than those of
non-sucuulents. A similar pattern has been recognized by other studies of island and islet
floras (Rydin & Borgegad, 1988; Panitsa et al., 2006; El-Bana, 2009). Buckley (1985) divided
the floras of small coastal islands on the basis of geographical origin. He found that the
slope of log S/log A curves was smallest for the salt flat group growing on the coastlines of
the islands (Z= 0.18) and greatest for the sand ridge group (Z= 0.6) which only occurred at
the center of each island. Panitsa et al. (2006) found a difference in Z value between
halophytes, therophytes, leguminosae and graminae. El-Bana (2009) reported that the slope
of log A /log S regression for the halophytes was smaller than that of psammophytes (Z =
0.48 vs. Z= 0.64).

Nestedness appears to be a common phenomenon of insular flora (Kadmon, 1995; Wright et
al., 1998; Honnay et al., 1999; Koh et al., 2002). Similarly, the present study detected a high
degree of nestedness for the entire flora and for each ecological group. Wright et al. (1998)
suggested that four filters operate to screen species occurrence in insular habitats and
produce nested biotas. Among these were area and distance effects, passive sampling and
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habitat nestedness. The area filter appears to be the most important in Farasan archipelago.
Species-specific resource requirements and differential minimal area requirements result in
different patterns of incidence on the islands.

Area- and species-dependent extinction rates have been suggested to play important roles
for species richness of oceanic islands (MacArthur & Wilson, 1967), species composition
structure (Nekola & White, 1999) and nestedness in land-bridge islands and in habitat
fragments (Patterson & Atmar, 1986; Cutler, 1991; Simberloff & Martin, 1991; Wright et al.,
1998). Also, differential immigration may be important in producing nestedness (Simberloff
& Martin, 1991; Kadmon & Pulliam, 1993). In the current study, there was a lack of several
species on smaller but not on larger islands. The reason could be area-dependent extinction
and/or differential immigration, and, if so, one or both of these mechanisms may be
influencing nestedness in the Farasan archipelago. The largest and the smallest islands
surveyed differ in area by 3 orders of magnitude. The large islands are over 319 km?2 and the
small islands <0.5 km? in area. For the entire flora and each ecological group, the distance
has no effect on either species richness or nested pattern. This may suggest that the distance
is short enough for recurrent colonization (the rescue effect, Brown & Kodric-Brown, 1977),
which may affect nestedness (Cook, 1995; Hecnar et al., 2002). Taking into account that most
of the recorded species are wind- and bird dispersed species. This dispersal mode with the
short distances from the mainland and large island can explain the absence of isolation in
the nestedness pattern (Butaye et al., 2001). Therefore, rescue effects (Brown & Kodric-
Brown, 1977) and/or intra-island dispersal (King, 1988) may commonly operate but would
be masked considering the wide range of areas and low isolation of the islands in the
current study.

Habitat nestedness could induce nested structure in species assemblages because certain
habitat specialists will be restricted to less common habitats found only on large islands
(Wright et al., 1998; Honnay et al., 1999). The habitats among the islands of Farasan are not
distributed randomly as the vegetation is characterized by clear zonation from the
shorelines to the centre of islands resulting from both chemical and hydrophysical processes
(El-Demerdash, 1996). Smaller islands tend to be salty with halophytic vegetation, while
larger islands often have a combination of shoreline types (salt marsh, sand formations) and
their interiors are usually rocky and have shrubs and trees. Furthermore, the positive and
highly significant relationship of island area with number of habitats and elevation indicates
that habitats accumulate in an orderly fashion as area increases.

Although all the ecological groups were significantly nested, there were differences in the
degrees of nestedness among groups- halophytes and glycophytes, succulents and non-
succulents, and plants corresponding to different life-forms. Despite the fact that halophytes
and glycophytes share some similarities as xero-halophytic groups, they also have
important differences (Danin, 1999). For example, halophytes are relatively more aquatic
and tolerant to water logging and salt spray. On the other hand, glycophytes are more
terrestrial and tolerant to sand burial (El-Bana et al., 2007). Therefore, it is not surprising that
glycophytes were more highly nested than halophytes. This is can be explained by the
increased representation of salt habitats in which halophytes tolerate, but which other plants
cannot tolerate. Most of the surveyed shorelines of islands are exposed to the effects of
seawater, thus sustaining more halophytes. These factors may enable halophytes to
dominate the plant communities of shorelines (El-Demerdash, 1996), also taking the fact into
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account that halophytes are not affected by human disturbance, such as wood cutting and
grazing.

Another mechanism which has been suggested for nested pattern is passive sampling
whereby, larger islands capture more dispersing individuals than do smaller islands
(Lomolino, 1990; Wright et al., 1998), and common species are more likely to be encountered
than rare species. In the current study, passive sampling may account for nestedness. The
result of the rarefaction suggests larger islands are capturing more richness and diversity of
plant species assemblages. Consistent with this is the suggestion that those species most
likely to occur on islands already are widely distributed regionally (King, 1988). For
example, Cyperus conglomerates, Arthrocnemum macrostachyum, Halopeplis perfoliata, Limonium
axillare, Aeluropus lagopoides Zygophyllum coccineum and Zygophyllum simplex have the highest
incidence on the islands and they are also the species having the highest incidence on the
coast of Saudi Arabia and southern Yemen (El-Demerdash et al., 1994; Hegazy et al., 1998;
Kiirschner et al., 1998). This suggests that a sampling filter (sensu Cutler, 1994) also may be
operating in Farasan archipelago.

As suggested by Wright et al. (1998), many factors act as filters influencing the distribution
of species on islands, and this differs by taxon and geographic setting (Atmar & Patterson,
1995). In this particular case, the nestedness of habitats, the tendency of common species to
be widely distributed, rare species and habitats to be restricted to large islands and the
differences in scale between large and small islands likely contribute jointly to nested
pattern in Farasan archipelago.

5. Conclusion

In the current study, the high level of nestedness, the strong effect of area on total plant
species richness and ecological groups, and the similarity of vegetation composition on the
islands has several implications for conservation. First, the large and richest islands in
Farasan archipelago such as Farasan Alkabir conserve higher diversity than an equivalent
area of several smaller islands. This island also includes rare habitats like coral rocks and
rare species. Second, the invasion of the unique habitats such as wadi channels and water
catchments in this island by the exotic tree Prosopis juliflora should be managed to conserve
the native biodiversity. Third, the current anthropogenic expansion on this island should be
managed to conserve the existence of the rare habitats such as mangal vegetation where
Avicennia marina and Rhizophora mucronata co-occur. Fourth, the protection of such critical
mangal habitat is important on the other large island (e.g. Zufaf), due to its limited
distribution in the country (Mandura, 1997; El-Juhany 2009, Zahran 2010).
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1. Introduction

The historical biogeography of freshwater fish helminth parasites is linked to speciation. It is
well recognized and documented that bursts of speciation are often limited to certain
periods of geological time (Eldredge & Gould 1972; Gould & Eldredge; 1977, Gould, 2002;
Hoberg & Brooks, 2008) and is highly dependent on the space in which it occurs (Brooks &
McLennan, 2002; Hoberg & Brooks, 2008; Lieberman, 2003; Vrba, 2005). This holds for free-
living organisms and parasites as well (Brooks & McLennan, 1993b; Hoberg & Brooks, 2008).
Empirical evidence supports the contention that freshwater fish helminth parasites have
mainly speciated allopatrically through two processes, vicariance and dispersal via host
switching when the host has moved into novel areas, i.e. dispersal across pre-existing
barriers (physical change sensu Vrba, 2005) (Brooks and McLennan, 1991, 1993b, 2002;
Choudhury & Dick, 2001; Poulin, 1998). This suggests that the evolutionary biology of
helminth parasites should have a strong biogeographical component, one that acts above the
species level and to a lesser extent may have been driven by coevolutionary phenomena
(Brooks and McLennan, 2002; Pérez-Ponce de Leén & Choudhury, 2005; Hoberg & Brooks,
2008). It is currently recognized that two processes, linked cyclically in time and space, have
produced these patterns in parasite historical biogeography: taxon pulses (TP; Erwin, 1981;
Hoberg & Brooks, 2008; 2010) and ecological fitting (EF; Janzen, 1985; Hoberg & Brooks,
2008, 2010).

TP have a strong biogeographical component. TP coupled with EF can explain several
phenomena linked to parasite diversity in space and time, parasite richness across wide-
ranging geographical areas, and the geography of diseases (emerging infectious diseases,
EID; Brooks & Ferrao, 2005; Hoberg & Brooks, 2008). The coupling of TP and EF has scarcely
been explored outside the context of recent events in parasite epidemiology (Hoberg &
Brooks, 2008, 2010). The pattern that can identify the occurrence of TP in deep phylogenies
has been little explored before the Cenozoic period, except for tethrabothriidean cestodes
(Hoberg & Brooks, 2008). Outbursts of speciation are probably linked to both micro- and
macro- spatial and evolutionary scales; on a macroevolutionary scale TP probably are linked
to punctuated events of speciation, with a predominance of peripheral isolates speciation or
postdispersal speciation after an expansion phase and not especially to in situ speciation due
to isolation and environmental heterogeneity (Hoberg & Brooks, 2008, 2010; Vrba, 2005).
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EF combines both biogeographical and ecological components (Hoberg & Brooks, 2008).
This purportedly common phenomenon suggests that parasite evolution might be linked to
resource tracking more than to coevolutionary phenomena (Agosta & Klemens, 2008;
Agosta et al., 2010; Brooks & McLennan; Brooks et al., 2006; Hoberg & Brooks, 2008). This
has not only short-term implications in parasite evolution but also long-term implications
that provide insight into deep phylogenies and therefore historical biogeographical
analyses. A historical biogeographical pattern can reveal instances of EF in a relatively
straightforward fashion; namely, a parasite with a wide-ranging distribution, but limited to
few host taxa, when the host taxon is much more diverse than the parasites inhabiting it
(Brooks & McLennan, 2002). The process that generates this pattern involves parasite
exploitation of newly available resources without having to evolve novel capabilities for
host utilization (Hoberg & Brooks, 2008).

Freshwater fish parasitic helminths have been used as examples of host-parasite interactions
for nearly three decades at the micro and macroevolutionary level, and at micro and
macrobiogeographical scales (Brooks & Mc Lennan, 1993, 2002; Choudhury & Dick, 1996,
1996, 20001; Mejia-Madrid et al., 2007a,b; Pérez-Ponce de Leén & Choudhury, 2005; Pérez-
Ponce de Ledn et al., 2007; Rosas-Valdez et al., 2008; Choudhury, 2009). Nevertheless, the
influence of TP and EF has not been addressed directly to explain pattern and process in
deep phylogenies of fish parasites, in contrast to well-explored hypotheses that deal with
primates (Brooks & Glen, 1982; Brooks & McLennan, 2003; Folinsbee & Brooks, 2007),
Beringian mammal parasites (Hoberg & Brooks, 2008), and Palearctic parasites (Nieberding,
2004, 2005). Historical biogeography of freshwater fish helminth parasites would benefit
much from such theoretical approaches.

The first aim of this chapter is to extend the phylogenetic and historical biogeographical
analysis of Rhabdochona Railliet, 1916 species to include a more detailed account of the recent
theoretical developments of TP and EF relative to freshwater fish helminths. It is entertained
herein that the inclusion of such developments will help clarify to a certain extent how the
deep phylogeny of a monophyletic clade of freshwater nematode parasites is related to
phenomena that have not been previously considered, but are closely related to their
historical biogeography. The second aim is to interpret these results across a wide spectrum
of natural history data within a phylogenetic and historical biogeographical framework,
including: speciation, comparison of modern distributions of hosts and parasites with fossil
distribution of marine and freshwater fishes, their diversification intervals, sequential
heterochrony, the spatial scale at which the phylogeny takes place, and phylogeography.
Whereas it is clear that the present chapter focuses on the interpretation of hierarchical
patterns in historical biogeography (Sanmartin et al., 2001), the uncertainties associated with
the patterns presented here cannot be assessed at this stage of discovery.

1.1 Definition of biological terms employed

The historical biogeographical analysis employed here is based mainly on the “discovery
based” protocol of van Veller & Brooks (2001), Halas et al. (2005), Hoberg, (2001), Hoberg &
Brooks (2008), and Lieberman (2003). This approach is preferred in the present case because
it includes all empirical information available to explain patterns of deep historical
biogeography and includes no a priori assumptions of geological evolution or host evolution
(Hoberg & Brooks, 2010). Such approach has been called phylogenetic biogeography
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(Hennig, 1966; Brundin, 1981; van Veller & Brooks, 2001). Terms related to TP and EF follow
Hoberg & Brooks (2008).

The historical species concept here used is the PSC1 (Phylogenetic Species Concept 1,
Cracraft, 1989; Brooks & McLennan, 2002; Coyne and Orr, 2004) because where there is
ecological fitting and long standing stasis, probable ancestors coexist with descendants for a
considerable amount of time, during which time the process of host switching to novel
resources and subsequent speciation takes place (Brooks & McLennan, 2002). Despite the
fact that phylogenetic systematics has a strong gradualistic basis (Wagner & Erwin, 1995;
Hennig, 1966; Wiley & Lieberman, 2011; but see Eldredge & Cracraft for a different point of
view) no a priori considerations on the scale of evolution are entertained here, e.g., phyletic
gradualism or punctuated equilibrium. Nevertheless, PSC1 is simply interpreted as pattern
and the processes considered herein imply speciation promoted by physical change (Vrba,
2005).

Net diversification interval (NDI) was calculated for different parasitic nematode taxa after
Stanley (1975, 1998; Coyne & Orr, 2004). These calculations employ data on numbers of
extant helminth parasite species, especially those within monophyletic clades where rate of
description of new species has achieved or is near stabilization. The date of calibration is
taken from the most ancient fossil host related to present day clades. As siluriforms are
considered the original hosts of Rhabdochona spp. (Moravec, 2010), the calibration point is
taken to be 140 mya (Ferraris, 2007; Lundberg et al., 2007).

Heterochrony - changes in the relative time of appearance and rate of development for
characters already present in ancestors (Gould, 1977) - is understood here as sequential
heterochrony which conceptually incorporates timing of metamorphosis from one growth
stage to another (McNamara & McKinney, 2005). Sequential heterochrony can account for
the origin of certain characters of Rhabdochona spp. in relation to host switching and
dispersal of hosts.

Finally, the phylogeography of one species of American Rhabdochona will be addressed in
order to demonstrate that these particular nematode parasites have low speciation rates
when compared to the number of species of hosts they inhabit.

2. The historical biogeography of Rhabdochona species: An overview

Rhabdochona species are a world-wide group of spirurid nematodes that inhabit all
continents as intestinal parasites of freshwater fishes (Moravec et al, 2011). Recent
molecular studies have removed them from Thelazioidea (Cernotikové, et al., 2011; Nadler
et al., 2007). Their outstanding morphological characters include a wide prostom, a character
shared with other nematodes, several longitudinal cuticular ridges internal to the prostom
that anteriorly (prorhabdion) form teeth, sessile caudal male papillae arranged in paired
ventrolateral rows, eggs with different ornamental covers, and peculiarly-shaped male
spicules. Some of the aforementioned characters are shared with other putatively
phylogenetically related groups (Cernotikova, et al., 2011; Mejia-Madrid et al., 2007a; Nadler
et al., 2007), i.e., polar filaments on egg surface (Cystidicola spp., some species of Spinitectus),
a wide prostom (Megachona chamelensis Mejia-Madrid & Pérez-Ponce de Leén, 2007), and
caudal papillae (Physalopteridae, Cystidicolidae, and Spinitectidae). Despite the generality
of most of the characters used for classifying Rhabdochona spp., spicular morphology
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remains peculiar and possesses variation almost unique to this group of nematodes
(Spinitectus spp. shows a similar variation). The form of this character is species specific to
Rhabdochona spp. (Mejia-Madrid et al., 2007a; Moravec, 2010; Rasheed, 1965). Indeed, the
first phylogenetic systematic analysis of this group recovered spicule form as a consistent
character (Mejia-Madrid et al.,, 2007a). The intraspecific variability of the aforementioned
character is quite limited, as a study of different spicules of North American species
indicates (Mejia-Madrid, unpublished data).

Rhabdochona spp. belong to the family Rhabdochonidae. Among the 10 genera of
Rhabdochonidae, 8 contain species that parasitize chondrichthyans and teleosts, and from
these only 3 (Beaninema Caspeta-Mandujano et al., 2001; Prosungulonema Roytman, 1963, and
Rhabdochona) include species that parasitize freshwater fishes (Mejia-Madrid & Pérez-Ponce
de Leén, 2007). Nevertheless, Rhabdochona is the most diverse genus of this family, with 92
valid species (Moravec et al., 2011).

A phylogenetic and historical biogeographical analysis of Rhabdochona species is now due
mainly because the systematic research on the whole genus is reaching a stage of maturity
that is reflected in the stabilization of species rate discovery (Mejia-Madrid, unpublished
data), and because of the quality of new descriptions and redescriptions (Sanchez-Alvarez et
al., 1998; Caspeta-Mandujano & Moravec, 2000, 2001; Mejia-Madrid & Pérez-Ponce de Leén,
2003; Mejia-Madrid et al., 2007a; Moravec & Muzzall, 2007; Moravec et al., 2011). Such
detailed morphological descriptions are essential for a clear distinction between species.
Additionally, the molecular database of Rhabdochona spp. from Asia, Europe, and America is
increasing (Cernotikova et al., 2011; Mejia-Madrid & Nadler unpublished data; Wijowa et
al., 2007). In the present analysis 37 out of 92 (40%) valid species have been included, mainly
because this set of species is fairly well described for their main discriminant character, the
male left spicule, as well as for other key characters (Mejia-Madrid et al., 2007a; Moravec,
2010; Moravec et al., 2011). The American species are completely represented in the present
analyses, but I include representative species distributed worldwide, with the exception of
R. papuanensis Moravec, Riha & Kuchta, 2008.

The historical biogeographic analysis presented here is based on the updated matrix used
for generating the phylogenetic framework of Rhabdochona spp. presented in Mejia-Madrid
et al. (2007a) with additional character coding derived from recently redescribed species
from the Americas and Asia (Moravec & Muzzall, 2007; Moravec, 2010; Moravec, et al., 2011;
Figure 1). The results presented herein represent a new phylogenetic framework for
Rhabdochona spp., with two outstanding characteristics: the phylogeny is fairly well resolved
and the degree of resolution is higher than that previously recovered.

Historical biogeographical analysis of Rhabdochona spp. reveals an ancient origin for the group
that probably predates current continental configurations (Mejia-Madrid et al, 2007a;
Moravec, 2010; Figures 2-4). Extant species distributions reflect past distributions, nevertheless
these are the product not only of vicariance but also of past dispersal in a limited geographical
range: however, these are difficult to distinguish from phylogenies alone (Brooks &
McLennan, 2002 and references therein; Brooks & Ferrao, 2005; Wagner & Erwin, 1995). A
reticulated historical biogeographical pattern is apparent when the phylogeny of Rhabdochona
is interpreted graphically. This pattern reveals that if a) Rhabdochona species tend to remain
relatively near their area of origin (Roy et al., 2009), closely related species in the phylogeny
should inhabit neighbouring areas. This can be interpreted as vicariance and therefore b)



Biogeographic Hierarchical Levels and Parasite Speciation 27

where species that do not conform to this pattern (e.g., exhibiting disjunct distributions, but
with closely related species widely separated geographically), this can be interpreted as the
product of past or relatively recent dispersal.

Furthermore, in the present case, Rhabdochona spp. might be interpreted as ‘ancient’
ecological relicts (Hoberg & Brooks, 2008) in that their original hosts underwent widespread
extinction and survived into deep (not shallow) time through colonization and secondary
radiation into a novel, but ecologically equivalent, host group, namely, the cyprinids, where
they have succeeded ever since host switching from the silurids.
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Fig. 1. Phylogeny of Rhabdochona species. Majority rule tree of 538 trees. Inset: strict
consensus tree. Rectangles represent cypriniform hosts. Black hashmarks represent
characters shared by members of clade.
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The basal clade of Rhabdochona (Figure 1, clade 1) is represented by the African R. gambiana, a
species that parasitizes basal cyprinids from rivers in West Africa, and from the African Rift
Lakes (Moravec, 1972). It is followed by an assemblage of African species that parasitize
siluriform and characid fishes: R. paski, R. congolensis in several basins in South Africa and
the African Rift Lakes, plus the Indian species, R. mazeedi specific to at least 3 families of
siluroids, (Moravec, 1972, 1975, Moravec et al., 2010; Puylaert, 1973). Within this clade a
species of Rhabochona from Profundulus labialis Glinther distributed in southern Mexico is
consistently found, namely R. salgadoi. An emerging pattern of phylogenetic and historical
biogeographical relationships between species of Africa and Southern Mexico is becoming
apparent, including a diverse array of coexisting floristic and faunal assemblages. Those
assemblages appear to have originated in other parts of the world, and exhibit extralimital
affinities and origins (Lundberg et al., 2007). For example, the freshwater siluriform fish,
Lacantunia enigmatica Rodiles-Hernandez, Hendrickson, Lundberg & Humphries is endemic
to Southern Mexico but is morphologically and molecularly related to the claroteids of
Africa but to no other siluriform fish in North America (Lundberg et al., 2007). This
distribution pattern has been recovered in phylogenies of Upper Jurassic, Cretaceous and
Lower Palaeocene freshwater and marine fossil teleosts (Forey, 2010) and it seems not to be
uncommon among other fossil faunas. These areas were probably not contiguous during the
geological periods mentioned, but likely were passageways when environmental conditions
favoured dispersal (Lundberg et al., 2007).

The sister subclade of the “African” clade just described is that of a group of species that
indicate a relationship between North America and eastern Asia. To what extent this clade
reflects former exchanges between the fish faunas of the Far East and eastern North America
remains a matter of debate (Sanmartin et al.,, 2001). Modern disjunct fish distributions
probably date back to the Late Mesozoic and might have resulted from a cross-Atlantic
division (Sanmartin et al, 2001). In the aforementioned sister subclade three North
American parasite species, R. lichtenfelsi, R. decaturensis and R. kidderi (the latter parasitic in
cichlids and pimelodids of cenotes and caves, respectively, refugia for relict fish species) are
related to an eastern Asian species (R. vietnamensis). All of these parasite species occur
among diverse fish families where cyprinids are completely absent. The distribution of this
clade is similar to the modern relict distribution of horseshoe crabs and other marine fishes. To
what extent Rhabdochona spp. were dispersed by marine seaways will be discussed below.

Clade II is still unresolved in the strict consensus tree (Figure 1). This clade comprises a
group of 5 species in a polytomy and another with two sister species (R. canadensis and R.
humili) that probably were dispersed across a Northern proto-Atlantic.

Clades III and IV are fully resolved and comprise Rhabdochona spp. that predominantly
infect cyprinids, and to a lesser extent, catostomids, silurids, poeciliids, and characids
(Figures 1 and 4). Clade III comprises species that parasitize some Cypriniformes in central
and eastern Asia plus Eastern Europe and predominantly salmonids from eastern Asia,
Western North America and goodeids down into Central Mexico. One or several episodes of
dispersal through Beringia may have left tracks in the distribution of Rhabdochona spp. Host
switching from cyprinids to salmonids during invasion could have been the mechanism that
triggered speciation within this clade for there seems to be a consistent evolutionary novelty
among these species, namely, 10 teeth in prostom.
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Fig. 2. Basal clades I and II of the phylogeny of Rhabdochona species superimposed on a world
paleomap of the Lower Cretaceous c. 140 mya. Species names are approximately located in
their area of distribution for clarity. Only the outline of tectonic plates is shown. Map and
localities generated by http:/ /www.odsn.de/odsn/services/ paleomap/paleomap.html

Clade IV is represented by species that are distributed from central Asia to eastern Europe (R.
fortunatowi, R. gnedini) and North America (R. ovifilamenta), South America, Mexico (R.
acuminata), Cuba (R. cubenesis), and the southern United States (R. longleyi, inhabitant of cave-
dwelling blind catfishes). This series of dispersal events probably was limited to the western
and northern Tethys, because there are only two or three species of Rhabdochona in South
America, where the diversity of freshwater fishes is the largest in the world mainly because of
the extension and complexity of the geological history of this sub-continent (Brooks, 1992;
Lundberg et al., 1998). Additionally, the distribution of Clade IV seems to follow the tracks of
Spinitectus spp. (Choudhury & Dick, 2001) and proteocephalid distributions in the modern
Holarctic and Palaeartic biogeographic zones (Brooks, 1978; de Chambrier, 2004; Rego et al.,
1998). The latter northern helminth faunas are well represented in South America, whereas
Rhabdochona spp. are almost entirely absent. It is probable that the presence of cyprinids by the
end of the Mesozoic Era set the stage for dispersal of Rhabdochona spp. in the Tertiary.

The main fish families of each species of Rhabdochona analyzed (Figure 4) reveal an apparent
history of host-switching, but with an underlying structure: all groups from clade II
onwards comprise basal clades where nematodes predominantly parasitize cyprinids
(Figure 1), except Clade III that involves a clear salmonid host component and a subclade in
IV that includes cubensis, xiphophori, longleyi, and squalobarbi and in which teeth number (6)
predominates in parasites that inhabit non-cyprinid hosts.

A general comparison was undertaken between the parasite host area phylogeny of
Rhabdochona spp. (Figure 4) and phylogenies of proteocephalids (de Chambrier et al., 2004;
Rego et al., 1998), Spinitectus spp. (Choudhury & Dick, 2001), fossil teleosts (both freshwater
and marine; Forey, 2010), and Cyprinidontiformes (Parenti, 1981). Discovery based-methods
were employed to generate general and particular area hypothesis (BPA and PACT 2.0
software; Wojcicki & Brooks, 2005). Several attempts were made to compare different trees,
but as areas recorded for helminth parasites are so distinct (despite the fact that area names
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were adjusted in each case), only a single area cladogram could be recovered from the PACT
analysis between Rhabdochona and Cyprinodontiformes. On the other hand, a single
cladogram for fossil fishes (Forey, 2010) emerged and was therefore compared in broad
terms with the area cladogram of Rhabdochona spp.
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Fig. 3. Clades III and IV of the phylogeny of Rhabdochona species superimposed on a world
paleomap of the Lower Cretaceous c. 140 mya. Species names are approximately located in
their area of distribution for clarity. Only the outline of tectonic plates is shown. Map and
localities generated by http:/ /www.odsn.de/odsn/services/paleomap/paleomap.html

The PACT tree of Cyprinodontiformes and Rhabdochona spp. recovers a series of
postdispersal speciation origins for species within clades I and II (Figure 5). This pattern can
be inferred as well as when the areas are inspected on the 140 mya map (Figures 2 and 3).
Most of the areas are not neighbouring but certainly are coastal marine tracks of southern,
western and northern Tethys. It must be noted that there is a time gap between the origin of
Old World aplocheiloids and New World aplocheiloids. In between, clades I and II of
Rhabdochona spp. diversified before Africa and South America separated. So probably later
on, geologically speaking, Rhabdochona spp. dispersed into western Tethys, where most
probably R. salgadoi originated.

When compared to the fossil fish PACT tree (Figure 6), Rhabdochona spp. can only be
compared in very broad terms. The reticulated pattern of areas of fossil fishes is in itself
complex. Two episodes of widespread dispersal and probably postdispersal speciation can
be inferred: the aforementioned clade I and part of clade IV. While nematode species may
conform to a Sea of Tethys distribution, the phylogeny on its own cannot account by itself
for a general explanation of a taxon pulse or pulses that took place probably 140 mya.
Despite the fact that cyprinodontiforms are freshwater fishes (although some inhabit
brackish waters) and therefore have been interpreted as having evolved by vicariance
(Parenti, 1981 only invoked vicariance for the present distribution of cyprinodontiforms) the
PACT tree could recover postdispersal speciation in the nematode parasites. This indicates
that Rhabdochona spp. within clade I probably speciated in eastern Africa freshwater
drainages of Gondwana and some species reached western Africa later by dispersal when
the Congo basin