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ABSTRACT

Syngnathushe most speciose genus in the family Syngnathslaadely in the Atlantic
and Eastern Pacific oceans. However, it is poa@fyresented in the Indian Ocean with
the only two speciesSyngnathus temmincland S. watermeyeroccurring in Southern
African estuaries and coastal are&yngnathus temminckihe most common South
African pipefish has been synonymised w&hacus as the morphological and genetic
divergence between these two populations has neth l®cumented. There is also
uncertainty in the taxonomic status®fwatermeyerian endemic estuarine pipefish that
is restricted to two Eastern Cape estuaries. Thipoge of this study was therefore to
compare biological, morphological and genetic wtaof South AfricanSyngnathus
species among different populations/locations,\aitid European populations & acus

Sixteen meristic and ten morphometric charactesstvere quantified from specimens
obtained from field as well as various internationatural history museum collections.
Univariate (ANOVA) and multivariate (principal compent analysis and discriminant
analyses) analyses were used to assess morpholdgfesences among the species.
Morphometric variables were adjusted as ratioshef $tandard length and using an
allometric procedure. ANCOVA analysis indicatedngiigant differences betweeS.
acus and S. temminckiifor the relationships of the standard length (Sind all
morphological characters. There was no signifiaaortrelation between SL and snout
length, snout depth, inter-orbital width and truddépth forS. watermeyeriThe analyses
provided evidence for distinct populations@facus, S. temminclkind S. watermeyeri
although morphological character differentiatiorsvggeater betwee®. watermeyerand
the other two larger species. Although, significdiferences were observed for meristic
characters, pairwise comparisons did not refledear pattern of variability. Most of the
measured morphological characters contributed nioae 70% to the morphological
variation between the populations. Plot of the céral scores for the variables resulted

in the specimens clustering according to speciespy and locations &. temminckii



Sequences of 750 base pairs of the mitochondrimichyome gene from 11 localities
were compared with published sequences of othariespef SyngnathusPhylogenetic
analysis was performed using parsimony, maximurelihkod (ML) and Bayesian
inference (BI). The South African species were ada@ to be sister-taxa with about 6 %
divergence, whileS. temminckiand S. acushad about 11% sequence divergence. 20
haplotypes among 46 total specimens from the tpeeies. Gene flow was estimated at
approximately 3 migrants per generation betweertwloeSouth African populations and
about 1 per generation betweBntemminckiandS. acusSuch strong stock structuring
among presumably recently established post-Plio¢eeMillion years ago) populations
suggests that these species are reproductivelatésbl Morphological and genetic
variation observed in this study combined with enotr knowledge of life history
attributes of the South African pipefishes indicdteat conservative management
decisions are necessary until the patterns andateatalifferentiation among populations
species-wide can be investigated further. It isstbaing proposed that the name of the
South African population db. acusde changed toy®@gnathus temminckiKaup, 1856).
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Chapter One

General Introduction

1.1 Introduction

Pipefishes belong to the family Syngnathidae (megarfused jaw’) that also includes
pipehorses, seadragons and seahorses. The fardistibuted worldwide across a wide
range of sea-grass and coral reef habitats froreabaegions to southern cold waters
(Dawson, 1986). It has 55 described genera withentiman 320 species that differ in
various morphological characters (Kuiter, 2000; Baw 1985). Most of the species in
the family are found in marine waters, though freghter species are not uncommon
(Vincent, 1995). Breeding populations of syngmgthave been recorded throughout
the salinity range from freshwater to hyper-salvegers (Casegt al, 2004; Rosenqvist

& Johansson, 1995; Gordimd al, 1991; Dawson, 1985; Gill, 1905). Species abundanc
of Syngnathidae is probably highest in temperatd subtropical waters while the
greatest diversity occurs in the subtropical/trapiado-Pacific where about 70% of the
recognized species are found (Kuiter, 2000; Dawsk85). The distribution and
abundance of sea grasses influences the life hisfosyngnathids since grass beds are
used as nursery areas, feeding grounds and sifreiterpredators (Teixeira & Vieira,
1995; Vincent, 1995a). Dead sea grass or detaalgag may also be used as shelter and

may transport fishes to shallow or deeper watensg@hnt, 1995).

Syngnathidae is generally recognized as a monophylaxon comprising an
evolutionary gradient with pipefishes being the tnpsimitive and the seahorses
(Hippocampu} being the most derived (Grosberg & Cunninghan®l12®elfmanet al.,
1997; Vincent, 1996b; Vincent, 1995a). While thésegreat morphological variation
within the genera of this family, the distinctioasiong genera are still based largely the
emphasis of brood pouch closure type and locasotedined by Duncker (1915). Herald
(21959) further classified these fishes into twougp® with the Urophori being species
where brooding may occur on the tail (A-type) anel Gastrophori with brooding on the

abdomen (B-type). This evolutionary gradient isdah®n the extent of brood pouch



development and the degree of male parental caoagugenera. The brood pouch types
range from simple attachment of the eggs to thérakhody surface in primitive forms
(e.g., Nerophis and Entelurug, flaps protecting the eggs (e.gCorythoichthyy an
enclosed pouch iByngnathusand to the more advanced sealed pouch of the smaho
genusHippocampugWilson et al, 2001; Helfmaret al, 1997; Vincent, 1995b; Herald,
1941; Herald, 1940). This has provided the foumhatfor examining syngnathid

evolution in a biogeographic framework.

1.2 Characteristics of pipefishes

There are 300 species of pipefishes in 35 genemsavbaxonomy is in urgent need of
revision (Kuiter, 2000). Southern Africa has 14 @en of syngnathids (with six
subgenera) with at least 25 species of pipefishessa species of seahorses (Dawson,
1986). Pipefishes are slender and elongate, witlhéad and snout aligned with the long
axis of the body that is encased in a series oy boigs (McEachran & Fechhelm, 1998).
Like all syngnathids, pipefishes have lobate gélgore-like gill opening located above
the opercle, lack pelvic fins and true jaw teethyér a body protected by a ring-like
arrangement of bony dermal plates and other spmmibifeatures (Fritzsche, 1980).
Pipefishes are sexually dimorphic and males cdreyetggs and nurse their offspring on
the body surface or inside a brood pouch undetrtimk or tail. In terms of reproductive
investment, females contribute eggs, while maladife them and provide nutrition and

oxygen to the developing embryos (Berglund, 19938gRind, 1991).

Pipefishes, like most other syngnathids are charaed by restricted distributions, low
mobility, small home ranges, low fecundity, lengtbgrental care and mate fidelity in
most species (Vincent, 1996). A gradient of patemwse is also characteristic of
pipefishes. Eggs may be brooded openly on the snad®domen, in individual

membranous egg compartments, in a partly closedhpoonsisting of pouch plates, in a
fully closed pouch consisting of two folds, or ifiudly closed saclike pouch (Figure 1.1).
This gradient has been used to construct a phyloggnpipefish genera, largely

confirmed by molecular evidence (Vincezital.,2001; Helfmaret al., 1997).



Inverted (A) Semi pouch (B) Everted (C)

Figure 1.1: Cross-sectional diagrams of brood pouch closufgsipefish genera with
bilateral membranous folds. Examples of pipefishega with these brood pouch types
are Syngnathug/A), Corythoichthys(B), & Hippichthys(C) (redrawn from Dawson,
1985).

1.3  Taxonomic status Syngnathus

Syngnathuss the most speciose genus in the family Syngda¢h{Kuiter, 2000) with 32
recognized species (Appendix I). The genus is idiged widely in the Atlantic and
Eastern Pacific oceans but rare in the Indo-WesifiPawhere only one species occurs
(Figure 1.2). It is a highly diverse genus of fresker, estuarine and marine pipefishes
(Dawson, 1985). Pipefishes of the ger&gnathuscan be distinguished from other
species of the family by various characteristidseyl have discontinuous superior trunk
and tail ridges and the lateral trunk ridge ends niee anal ring or is confluent with the
lateral and superior tail ridges. The brood powchnder the tail, with pouch plates and
folds with an inverted pouch closure (Dawson 198®)wever phylogenetic relationships
based on morphological characters are not fullplvesl (Kuiter, 2000). Taxonomic
problems persist among some pipefish species imgéneisSyngnathusthat have been
provisionally included but may belong to other gen@uiter, 2000). The lateral body
ridge configuration is highly variable in some spsawvhile several species (e$).acus

S. leptorhynchusand S. schlege)i are very similar in meristic values and general
morphology. Examples of such taxonomic problemstlaeetwo poorly known pipefish
species oByngnathus, S. acasdS. watermeyerccurring in Southern Africa.
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Figure 1.2: The distribution of species of the ger&ysmgnathusrom Dawson (1985).

1.3.1 Syngnathusacus Linnaeus 1758

Syngnathus acuysalso locally known as the long snout pipefishtie most common

pipefish species in South African estuaries (Welitfi 1998). It is pale greenish to brown

in coloration with variable markings (Figure 1.3daRlate I.1) and is associated with

aguatic vegetation such desteraspecies. The distribution of the species (Figudg 1

ranges from the Eastern North Atlantic: Norway, désr and British isles to western

Sahara, Senegal-Gambia, and from Namibia to the 6&@ood Hope and northward to

the coast of Zululand in the Western Indian Océdauitér, 2000; Dawson, 1985).

Figure 1.3: Syngnathus acu$outh Africa), the long snout pipefish (WhitfieltB98).
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Figure 1.4: Putative distribution o8yngnathus acu®awson, 1986)

However, despite literature records (Dawson, 19&@)urrence of the long snout
pipefish in the Atlantic outside South African watdacks conclusive evidence. There
are currently five nominal species that have begrosymised withS. acus(Dawson,
1985). Only two of these descriptiols temminckii(Kaup, 1856) ands. delalandii
(Kaup, 1856) were based on South African populati@ppendix Il). Most of the data
available on the long snout pipefish is based darination of S.acusin Europe and
various Mediterranean regions, where it is commdmpwn as the greater pipefish
(Kuiter, 2000). Furthermore, Linnaeus originallysdebed the speci€S. acushased on

European specimens, and Kuiter (2000) has pointgédhat the long snout pipefish of



southern Africa or S. temmincKiidiffers considerably frons. acuf the Mediterranean
and North-eastern Atlantic. The lateral body ridgefiguration is highly variable in the
S. acusgroup as the lateral trunk and tail ridges mayubdaterally or bilaterally

continuous or discontinuous (Kuiter, 2000: Dawst®85). ThusS. acusappears to be a

species complex that requires taxonomic revisioyder to define its geographic limits.

1.3.2 Syngnathus watermeyeri Smith 1963

Taxonomic confusion is also evident for the pookigown estuarine pipefishS.
watermeyeri. Dawson (1986) stated that the retention of thiefgh inSyngnathusvas
provisional as its status within the genus was dage Syngnathus watermeyatiffers
from all the other species of the genus by havisgat snout and fewer pectoral fin rays
(6-8 as opposed to 10-14). The species is gredmshn in colouration with close-set
dark lines on the head and pale lines on the bbidy(e 1.5 and Plate 1.2).

Figure 1.5: Syngnathus watermeyetie estuarine pipefish (Whitfield, 1998).

The species has a very restricted distribution ianendemic to South Africa (Dawson
1986; Skelton, 1987). It is presently restrictedthe East and West Kleinemonde
estuaries (332'28.2"S 2702'51.7"E), although it was previously recordedtimee
adjacent estuaries (Kasouga, Bushmans and Kaffiegare 1.6). Smith first described
the species in 1963 using specimens from the Bustimaer estuary in South Africa.
The disappearance of the species from these sys{&amsega and Kasouga) is
disconcerting (Whitfield, 1998; Skelton, 1987). Ass species listed as Critically
Endangered (CR - B1+2abd) on the IUCN Red List 20@8erstanding the phylogenetic

distinctiveness of. watermeyeris therefore important (Reet al., 1998). Although a



population ofS. watermeyerhas been found in the Kleinemonde system and desing
specimen has been recently collected in the Busismever, the causes that might have
pushed this pipefish to the verge of extinctionche® be identified. Understanding this
would be essential to prevent future threats te #md other pipefish populations. The
decline in this pipefish’s distribution is probabiijpe to habitat losses resulting from
reservoir construction, surface water diversiorjgmts, ground water depletion and other
factors. The most important threat for the survivfaimost species of Syngnathidae is the
disturbance of their habitat by human factors (¥imt¢c 1995a).
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Figure 1.6: Distribution of Syngnathuswvatermeyeriin South Africa (Excluding the

Kowie estuary).

1.3.3 Current concerns

According to Kuiter (2000), Dawson (1986) and #sthe (1980) the taxonomy of the
genusSyngnathuss not well defined. Aspects and details of thglpheny of species are
contentious, many taxonomic issues are unresolwedtiae status of some species is

uncertain. In pipefish taxonomy, morphometric anetistic characters have been used to



delineate population structure and species. Howgipefish species have been difficult
to analyze phylogenetically because they have feeful morphological characters
(Kuiter, 2000). Pipefishes exhibit great morphotadji plasticity so that defining
characters for species descriptions and establjskays can be difficult. In cladistic
taxonomy, monophyletic taxa are recognized by ttesence of apomorphic character
states (more recently evolved, derived or advanaé@yeas the plesiomorphic character
state (more ancestral, primitive or generalizedshared among members of a taxon
presumed to be ancestral, if it is found with meraloé sister taxa or the outgroup during
classification (Statoet al, 1997; Helfmaret al.,1997). Defining the character states of
extant species and those of their ancestors isseace to understand the process of
evolution and species divergence. Living species @esumed to represent the most
recent manifestations of adaptations and linealgas have survived over time (Avise,
2000; Dobzhansky, 1951).

Dobzhansky (1951) wrote that “biological classifioa is simultaneously a man-made
systemof pigeon holes devised for the purpose of recgrdipservations in a convenient
manner as well as an acknowledgement of the faargénic discontinuity.” Today
systematic studies explicitly aim to infer phylogén history and relatedness among
living organisms and among living and extinct oligars.Points in the history of the
species when the defining traits appeared can teerél by comparison of character
states and their distribution among taxa. Incoasistindings with most morphological
interpretations of fish phylogeny depict the impode and significance of ancestral
morph types in defining taxa and the need for figdother methods of clarifying
phylogenetic order. Although fossils have been usedlesignating apomorphic and
plesiomorphic morphological characters in pipefsshthis is not adequate for many
species and character statdhe morphological characters that have been used t
differentiate pipefish species exhibit extensiveiatsoon among and within species.
Several specie§. acusS. schlegeliS. leptorhynchuandS. euchrongre very similar in
meristics and general morphology. There is alsohrh&tween-population variation in
widespread species. Therefore, identifying specsgmeithout locality data can be very

difficult for most species of the genus (Dawson83)9 Some pipefish species have such



variable descriptions that they can be keyed otwandifferent places using the available

identification keys (e.gS. acusn Dawson’s 1985 descriptions).

1.4  Systematic methods

1.4.1 Morphological systematics

For decades, the approaches available for desgribgtationships of fishes have

depended on data from comparative morphology, plogy, and other measurable
phenotypic features (Wiens, 2001; Bennettsal, 1999; Avise, 1994). Morphological

analysis was chosen as one of the systematic toastudy South African pipefishes

because morphological studies have been espeuasdfyl in defining and in organizing

fish species into genera (Stepien & Kocher, 198iQwever, it has become clear that
these traditional taxonomic methods of analysis @anable to examine taxonomic

diversity with high resolution. It is rare to fimdorphological studies of syngnathids that
present a hypothesis of relationship above thel lefespecies comprising a genus,
primarily due to a lack of congruence of charac(&tepien & Kocher, 1997). Various

research results have led to questions about ahesstf several morphological characters

used in piscine phylogenetic construction (Rasnmug&sArnasson, 1999).

The similarity in morphological characters or hoawy is one of the major limitations
associated with taxonomic techniques. This is b&zaitt makes population-specific
differences difficult to interpret such that thei@tation of the structure of populations
may become problematic (Smedbetd al., 2003; Goldsteinet al., 2000). Similarity
between organisms is not always the result of shphglogenetic history and may result
from independent adaptations to similar environmgiienset al., 2003; Brooks &
McLennan, 2002; Reeekt al, 1998). That is, organisms that live in similabhats may
resemble each other in outward appearance but haite different phylogenetic
relationships and evolutionary origins. There aiffeint types of similarities among
organisms and these can be due to convergencesabwemd similarities in general, or
homologous traits (Brooks & McLennan, 2002). Altgbumorphological and genetic
differentiation can proceed at different rates,v&gence can be a confounding factor for

both molecular and morphological analyses espgaialthe analysis of closely related



taxa (Bennettet al, 1999; Avise, 1994). However, these problems ateidentical for
molecular and morphological data and ambiguity lbamminimized by doing outgroup
analysis and by checking the frequency and didiohuof character states within the
study group as well as ontogeny, function, biogaply and fossil evidence. Despite the
need for alternative methods, morphology is stié tmost widely used method in
answering systematic and taxonomic questions regarthe status of fish species
(Wiens, 2000).

1.4.2 Molecular systematics

Although systematic work has been done on pipefigReein, 1995; Vincent, 1995b; Orr
& Fritzsche, 1993; Dawson, 1985; Fritzsche, 1986rattl, 1965), very little is known
about their evolution and genetic structure (Awasal, 2002; Wilsoret al, 2001; Jones

et al, 2001; Helfmaret al, 1997; Herald, 1941). Molecular analysis was usethis
study mainly because of its potential to providéoimation about the fundamental
genetic basis of evolutionary change that is gdiyenaaccessible through traditional
taxonomic techniques (Bennetts al, 1999; Avise, 1994). Since the emergence of
molecular techniques like the polymerase chainti@a¢PCR) and gel electrophoresis
(Meyer, 1993), DNA analysis has become a useful foothe study of evolutionary
relationships among fishes (Mattern, 2004; Alvavedin & Gomez N., 2002; Bloomer

& Impson, 2002; Sullivaet al, 2000; Caldarat al, 1996). The relative ease with which
DNA sequences of mitochondrial genes can be detexnthrough PCR, universal
primers, and direct sequencing has led to large BN4uence databases that have aided
our understanding of relationships between orgami¢Mattern & McLennan, 2004;
Stephens & Wiens, 2003; de Queimtzal, 2002; Santini & Tyler, 2002; Rosenbawn
al., 2000; Emersoet al, 1999; Georgest al, 1998; Caldarat al, 1996).

Molecular markers have been used for diagnostipgaas to identify unique groups of
populations and can tell us a lot about the ratatips of organisms that cannot
otherwise be inferred from morphology, behavioubmchemical studies (Goldsteat

al., 2000). Analysis of DNA molecules provides a langenber of observable characters

for use in phylogenetic analysis (Smowteal, 1991). Theoretical and empirical studies
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have shown that a certain number of charactergusiat in estimating phylogenetic
relationships (Wiens, 2001; Wiens, 2000). Molecdtardies can include up to several
hundred or thousand characters as opposed to mogited analysis, which rarely
includes more than a few hundred characters witla\arage of three characters per
taxon (Hillis & Wiens, 2000). Comparisons of the BNequences of various genes
between different organisms has also led to thegmtion of high levels of genetic
variation in a wide range of natural populationsg@kpkenst al, 2004; Knaperet al,
2003; Grosberg & Cunningham, 2001; Swainal, 2001; Thomast al, 1999). For
example, a molecular study of a circumtropicallgtaibuted damselfish species group
(Abudefduf sordidus)sing a fragment of the mitochondrial cytochrom@ase | region
showed that the recognized taxonomy underestinthedliversity of the group by one
species (Berminghawt al, 1997). It has been observed that genetic strectan reveal

a great deal about a population’s history of suistim and gene flow, in particular the
history of its interactions with other species wisehin a phylogenetic context (Grosberg
& Cunningham, 2001; Goldstegt al, 2000; Neaet al, 2000; Miyanohar&t al, 1999;
Meyer, 1993). Findings of thAbudefduf sordidugroup by Bermingham et al. (1997)
elaborated the history of phylogenetic relationsHigr the Caribbean and eastern Pacific
populations with regards to a biogeographic andnant event (the closure of the central
America seaway). Therefore, genetic data and aeslgsrmit species and geographical

populations to be placed in a phylogenetic configxhistorical biogeographical analysis.

1.4.2.1Mitochondrial DNA

Early studies of molecular phylogeny were basewbale molecule restriction fragment

length polymorphism (RFLP) analysis with some <adincluding comprehensive
restriction-site mapping. More recently the treras lbeen to use PCR to amplify and
sequence portions of specific genes (Billington,030 The rapidly evolving
mitochondrial DNA (mtDNA) region was chosen forgtstudy because it is one of the
most frequently used DNA regions for both intra antkr-specific genetic studies of
fishes (Casegt al, 2004; Brant & Orti, 2002; Caldaet al, 1996; Boweret al, 1994;
Meyer, 1993; Aviseet al, 1987). Mitochondrial DNA is particularly attract for
phylogenetic analysis because of its high mutatiate (Meyer, 1993). This high
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mutation rate coupled with a generally acceptedemat mode of inheritance that
prevents recombination of the mutations arisingliffierent individuals during sexual
reproduction have made mtDNA analysis popular iglgenetic studies. It has been
widely used in fish studies on gene flow, hybriches, population structure and other
population level studies for various organism gso({ilsonet al, 2001; Santini, 2000;
Walker & Avise, 1998; Stepien & Rosenblatt, 199€&@den & Rosenblatt, 1991; White,
1986). As a result, extensive genetic diversityntbNA has been documented in both
fish and other organisms (Behrmann-Goekedl, 2004; Randalét al, 2003; Knaperet
al., 2003; Borsa, 2002; Reesal, 2001; Tabata & Taniguchi, 2000; Echegteal, 2000;
Avise & Walker, 1999; Avise & Walker, 1998; Eche8eDowling, 1992).

The fast rate of evolution of mtDNA compared to leac DNA makes it useful in
obtaining high resolution when analyzing recentlattonary events (Weibel & Moore,
2002; Meyer 1993). The rapid substitution ratesndDNA mark points of ancestry
without obliterating accrued synapomorphies ancke diigh resolution among recently
diverged or closely related species (Bloomer & loms2002; Fuchet al, 2000;
Doukakiset al, 1999). The similar substitution rates that gpmdal among lineages are
crucial because unchanging bias in nucleotide caitipn among lineages is important
for accuracy in molecular genetic analysis. Furtiee, mtDNA is easy to extract and
isolate, so that sequences can be analysed inuganays and even converted to genetic
distances for phylogeographic analysis. The faat tirganisms are united by a single
phylogenetic history makes it possible to track te&ationships among them using
characters that are homologous (the same becaegeatie derived from the same
common ancestor), independently evolving and Haaté@Behrmann-Godedt al, 2004;
Avise & Wollenberg, 1997). The phylogenies inferrdfdm mtDNA comparisons
represent the presumed historical sequences oftiondah events accompanying the
differentiation of maternal lines (Aviset al, 1987). Any DNA sequence is therefore a
snapshot representation of the substitutional (gwoiary) history in an evolutionary
lineage (Meyer, 1993). Therefore, genetic variati@tween species or populations is a
direct consequence of mtDNA and nuclear mutatiarisaaintra individual level (Meyer,
1993).
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The mitochondrial genome shows a 5 to 10-fold highecleotide substitution rate than
protein-coding nuclear genes (Billington, 2003; Meyl993; Browret al, 1979). This
high rate of substitution is probably due to thess#vity of the mitochondrial genome to
exogenous mutagens and a high spontaneous mutateorA recent study has revealed a
several hundred-fold higher rate of somatic mutabothin-vivo andin-vitro in human
MtDNA than in nuclear genes (Junjian & Herbert, 999As a result, it has been
suggested that mutations resulting from replicagoors and oxidative damage are the
major sources of mMtDNA mutation (Meyer 1993). Hoeewdivergence rates specific for
mitochondrial control regions in fishes have notmestablished (Donaldson & Wilson,
1999). Although it is now possible to investigatBl® sequence changes in genes from
virtually any organism, it is critical to clarifhé extent and type of mutations and their
rate of DNA evolution among any lineages being igtdidJunjian & Herbert, 1999). This
is because suggestions have been made by variglissbn the heterogeneous nature of
the mutation rates along DNA sequences of speg#ices (Edwards & Beerli, 2000;
Berminghanet al, 1997; Kornfield & Parker, 1997). The rate of ditbh&ion is the result
of a delicate interplay of forces, including mubati selective constraints arising at both
molecular and organismal levels, and populatioellevents (Kocher & Carleton, 1997).
However, studies of closely related species witl @ affected by multiple substitutions
and should provide a better representation of éxwlary events (Kocher & Carleton,
1997; Meyer, 1993).

The complete mitochondrial genome has been seqdemu# the gene order has been
determined for several vertebrates and invertebrd#tochondrial DNA is a single
double-stranded and typically circular moleculetthas a variable sequence and is
contained in multiple copies of mitochondria pelt @illington, 2003; Taanman, 1999;
Meyer, 1993). The organization of the moleculeaspsimple compared to nuclear DNA
(nDNA). Mitochondrial DNA encodes 37 genes, two filmosomal RNAs (12sRNA and
16sRNA), 13 genes coding for protein sub-units 2Bdyenes coding for transfer RNAs
(Taanman, 1999; Aviset al, 1987). In addition, there are one or more regitmat
appear to be non-coding regions such as the caegan (which contains the D-loop) in
vertebrates (Statoet al, 1997; Meyer, 1993; Aviset al, 1987). Though the gene order
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of animals is slightly different in every phylumathhas been studied, the piscine gene
order (Figure 1.7) does not differ from the consengene order of vertebrates (Meyer
1993). While gene order appears to be very stabtess fish taxa the most often
observed differences are due to tRNA gene transposi(Meyer, 1993; Aviset al,
1987).

Piscine

mitochondrial
gene order

Figure 1.7: The mitochondrial gene order of fish edited fromylie(1993). The origins

of the H (Qy) and L-strand (© replication are indicated in the figure. The origf the
H-strand is in the control region. Transfer RNA gemare shown in shaded boxes and not
defined for this study.

The order of these 37 genes in mtDNA has been hgsated to contain phylogenetic
information that is useful in determining the pait®f ancient and recent divergences
(Billington, 2003). These genes range from rapielplving sequences (e.g., D-loop,
ND1, ND3/4 and ND5/6) for examining intra-specitnd inter-specific relationships
between closely related organisms, through modgrat®lving genes (e.g., cytochrome
b) for examination of relationships among genera famally to slowly evolving 12s and
16s RNA genes for family level comparison (Billingt 2003; Meyer 1993). Therefore,
the choice of sequence or gene used in a phylogestatly depends on the nature of the
investigations, that is, whether the questions gp@se at the population or phylogenetic

level.
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1.4.2.1.1Cytochromeb
The mitochondrial cytochromie (cyt b) region is the most widely used region in studies

of molecular phylogeny of fishes (Billington, 2003) was selected to study the two
pipefishes oSyngnathusecause it exhibits both conserved and varialgiemns and thus
contains phylogenetic signals at many differentedyence levels. Cytochromb
sequencedhave been used to resolve phylogenetic relatiosshipong syngnathids
(Caseyet al, 2004; Tesket al, 2004; Neaet al, 2000) over a wide range of taxonomic
levels and deep cladogenetic events involving amaitvergences (Naylor & Brown,
1998; Zardoyeet al., 1998; Van de Peer & De Wachter, 1997; Mindell &ndgcutt,
1990) and to assess population or low-level taxaaawiationships (Tsigenopoulaeet
al., 2003; Lovejoy & de Araujo, 2000; Rocha-Olivares \&etter, 1999; Waters &
Burridge, 1999; Meyer, 1993). Furthermore, bysequence divergences have been
estimated for various animals and seldom exceedwa dercent within fish species
(Waters & Burridge, 1999; Irwiet al, 1991).

1.4.3 Phylogeography

Mitochondrial DNA genealogies have also been usddnsively to trace population
level processes for within species variation fghfand various organisms in relation to
their geographic distribution (Hrbek al, 2004; Avise, 2000; Meyer, 1993; Aviseal,
1987). The observation that most species are dividi® spatially and demographically
distinct populations is one of the most fundameakservations in nature and is the basis
for phylogeographic work (Altman & Taylor, 2003; £& Moore, 2000; Aviseet al,
1987; Mayr, 1963; Dobzhansky, 1951). Molecular data the primary means of
assessing phylogeographic relationships among mmanand examining questions of
zoogeographic subdivisions and relationships anasegs (Lovejoy & de Araujo, 2000;
Stepien & Kocher, 1997). Species generally haveyggahic populations that have a
particular distribution that is determined by barsito dispersal. These barriers determine
the frequency of occurrence and the degree of gpbgral continuity among populations
(Humphries & Parenti, 1986). It will be possibtestudy the phylogeography 8t acus
because it has spatially separated populationsoffeuand Africa) and therefore a

dramatically disjunct distribution pattern. Evoluiary and geological processes occur
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over large temporal and spatial scales and may reswdted in the distribution patterns
observed folS. acuqgAvise 1998). Various fish species have phylogeti@s cannot be
fully understood without reference to the evoluéiopnhistory of their phylogeographic
structure (Cox & Moore, 2000; Avise, 2000; Avis&€98; Berminghanet al, 1997,
Morrone & Crisci, 1995; Meyer, 1993; Humphries &ré&ati, 1986). For example,
Bernardi & Talley (2000) suggested that the spamatvent between two sister species
of top minnows (Fundilidaeffundulus nottiiandF. escambiaemight be correlated with
tectonic events occurring in the northern gulf oegof California that had apparently

shifted drainage patterns from a northeast southelvesction to a north-south direction.

The role ecological zones have played in develofhegvariation among populations of
South African species dbyngnathuscan be determined by studying the comparative
phylogeography of different species community cosifjans (Altman & Taylor, 2003;
Cox & Moore, 2000; Avise, 2000; Aviset al, 1987; Mayr, 1963; Dobzhansky, 1951).
Understanding the extent of population subdivisiang its causes is important in the
study of evolutionary histories and ecological ezsk of species diversity (Altman &
Taylor, 2003). Some of this work has been donewfitinin species variation for South
African terrestrial and freshwater habitats becahgebiogeographical barriers that are
responsible for the current distributions of thi@una are more obvious and have been
well documented (deMenocal, 2004; Venetsal, 2004; Bloomer & Impson, 2002;
Turner et al, 2001; Sullivanet al, 2000; Knightet al, 1999). However, population
subdivisions of South African marine and estuanganisms have been less studied.
This is due to a variety of factors such as thesyoreed high dispersal potential of
organisms with pelagic larvae and the large pomuriasizes of marine and coastal fish
populations (Mattern & McLennan, 2004; Fletcle¢ral, 2004; Altman & Taylor, 20083;
Gill & Kemp, 2002; Grosberg & Cunningham, 2001; W Randall, 1994). However,
there are several reasons why pipefish occurrireputhern African estuaries and coastal
environments, unlike typical marine species, migbkt thought to exhibit population
structure. Firstly, estuaries undergo cyclicalasoh and reconnection with the marine
environment due to irregular opening and closingsttiary mouths, and therefore may

represent a habitat that is periodically isolateanf the surrounding marine environment
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(Whitfield, 1998). Pipefishes show some degreateffglelity (Howard & Koehn, 1985)
and this isolation may result in population diffetiation and structuring. Secondly, it has
been observed that the occurrence and diversitiisbés in South African estuaries
varies according to latitude (biogeography) and itidvidual characteristics of each
estuary (Allanson & Baird, 1999; Blaber, 1985; Da981). The 3100 km South African
coastline is characterised by variable geomorpholg well as complex climatic and
oceanographic conditions that have a profound émibe on estuarine environments and
coastal waters (Whitfield, 1998; Day, 1981). Sodtfinican estuaries are affected by
variables such as water quality, quantity and mam@mwhich in turn affect the
substratum or habitat in different parts of eacstay (Whitfield, 1998; Whitfield 1992).
Changes in these variables affect the distribuéind abundance of fishes in estuaries.
Estimating the level of genetic diversity of Sodtfrican species oSyngnathugmong
various estuaries will help us understand how tirarounities and biological interactions
have developed over time. These interactions aridtians may vary geographically as a
result of ecological influence, and recent speasgsociations (Wares & Cunningham,
2001).

1.5  Thesis outline

The aim of this research was to characterize thehSAfrican pipefishes of the genus
Syngnathusby examining inter- and intra-specific variatioretlveen locations by
integrating biological, morphological and molecudiata. Although estuarine ecosystems
of South Africa have been widely studied and supgwerse communities of vertebrates
and invertebrates, the phylogenetic history andepad of species populations within
estuaries are poorly documented. Studying the @dipul structure of widely distributed
fish species likeS. acuscould unravel phylogeographic relationships andegéow
connections among estuaries. There are variougmgstc procedures available today
that can be applied to study such issues. Morpleabgnd molecular approaches to
systematics both have different strengths as wgallifficulties and problems with regards
to data analysis. Therefore, this thesis aims & arsl compare different methods and

procedures to understand the systemati&yofjnathuspecies in South Africa.
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The first research objective of this thesis wasdeess the distribution and biology of
South African pipefishes of the gen@gngnathusThis was done in chapter two with an
emphasis on the distribution of the South Africapylation ofS. acug(S. temmincki)
using museum specimens and routine collectionseMarrk was done with this species
because it is widely distributed and the most comnpigpefish in southern Africa
(Syngnathus watermeyethough endemic, has a very restricted distribQtidspects of
the biology were addressed with emphasis on theirseas ofS. temminckifrom the
Swartvlei estuary population where routine samphag been done for a year. This was
done to estimate its reproductive season and aspédhe biology of South African
populations ofS. temminckii.

Chapter three focuses on the morphological vanatd species of South African

SyngnathusThis variation was also studied with regard te photential influence of

sexual dimorphism, biogeographical regions and libess on morphology. The

following key questions were addressed in this tdrap

 To what extent are the two South African specieSyfignathuanorphologically
different from each other?

* Is the population o6. temmincki(South AfricanS. acuy morphologically different
from the populations o6. acusin the North-eastern Atlantic, Mediterranean and
North Seas?

* What is the morphological variation 8fyngnathuspecimens from different South
African location®

The fourth chapter focuses on the molecular aralpéi specimens of. acus, S.
temminckiiandS. watermeyenising mitochondrial DNA for species discriminatidrhe
two South African species were also compared teroipecies of the genus using
GenBank sequences to investigate their placemethinvithe genus. Sequences of a
seahorseHippocampus hippocampus snake pipefishEntelurus aequoreusand a

sticklebackGasterosteus aculeatwgere used as outgroups (Wilsenal.,2001). These

" The South Africa S. acus”population will be referred to & temminckiwhile the European population
will still be referred to asS. acusfrom this chapter onwards and throughout this ithésr ease of
description during comparisons.
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species were selected as additional taxa becaegéddve been shown from independent
evidence (Brooks & McLennan, 2002; Wilset al, 2001) to be distantly related at
different taxonomic levels to the ingroup memb@&ise seahorse and snake pipefish have
been suggested as potential sister grouf@y/tmnathugWilson et al, 2003; Jonest al,
2003; Aviseet al, 2002) while the stickleback is a distantly rethteaxon. The main
objective of this chapter is to formulate a hypstheof the evolution of the two South
African species oSyngnathusand their relations to th8. acusspecies population as
well as other species in the genus using mitochahdytochromeb sequencesThe
following key questions were asked:

* Is the South African population @&. temminckiigenetically different from the

European populations &. acu8

* Isthe placement &. watermeyelin the genu$Syngnathusalid?

* What is the level of genetic difference betweentthe South African species?

* What is the divergence time estimate for the ramhiabf the genus and the two

South African species?

The fifth chapter studies the phylogeographic retethips of South African specimens
of Syngnathusemminckiito better understand the historical events that hzase led to
speciation and distribution. The same species usethe chapter 5 were used as
outgroups to study these historical speciation evélrhe evolutionary history of this fish
species in generating the observed biodiversity malp us to understand the current
species richness. It could also have strong imjtioa for conservation management of
endemic species and morphologically different foonspecies (Bennetet al, 1999).
Population differences among South African popatati of S temminckii were also
examined to estimate the level of genetic divensityin this species. The following key
guestions were investigated:
* What is the genetic diversity within and among &oMtrican sampling sites @&.
temmincki?
« Do the South African populations o8. temminckii exhibit geographic
differences?
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 What are the events that have might have led tost#pmaration and current

distribution of South African species ngnathu3

The final chapter will be a synthesis and summadrythe implications from all the
systematic analyses done on the South African epedihis chapter also attempts to
show the advantages of combining biological, molpiical and molecular data in
phylogenetic analysis. Information on the systecsatind biology of South African
pipefishes should be essential for understandirgy @hients that have resulted in
speciation and the geographic distribution pattewithin this genus and the isolating
mechanisms that may have led to the genetic dinesgef the South AfricaByngnathus
populations.
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Chapter Two
Biology and distribution of Syngnathus in Southern Africa

2.1 Introduction

The coast of South Africa is subject to a rangearhplex climatic and oceanographic
conditions (Beckleyet al, 2002; Allanson & Baird, 1999). These complex dbads are
linked to the South Atlantic Ocean and South Indtaean anti-cyclones that cause the
cyclonic weather systems of the ‘roaring fortiediieh in turn affect the oceanographic
characteristics and hence the coastal environnfdheaegion (Becklegt al, 2002). As

a result of this variable environment southern édrsupports a remarkable diversity of
marine and estuarine fish with about 227 endemastead species and 14 genera with at
least 25 species of pipefishes (Beckétyal.,2002: Dawson, 1986). The occurrence and
diversity of South African fishes varies according latitude and the individual
characteristics of the coastal area or estuarypi@wt al, 2000; Blaber, 1985). This is
due to the effect of environmental variables, sasttemperature or food availability that
influence the maximum abundance a fish speciesati@m and its distribution range.
Species richness therefore increases from westasi with Indo—Pacific species
dominating the warmer Agulhas current waters whesgperatures are generally >22°C
off the east coast (Whitfield, 1998; Beckley & V&allegooyen, 1992). Although the
highest number of endemic fishes is found on thdhscoast near Port Elizabeth, the
west coast (with a lower species diversity) is miarportant economically because of a
higher biomass of fish (Becklest al, 2002; Turpieet al, 2000; Beckley, 1988). The
higher productivity of this region is due to sowhterly and southerly winds which result
in the large-scale upwelling of nutrient rich caoleater off the Benguela current
upwelling region (Olivar & Beckley, 1994; Shillirayt, 1986).

South African coastal areas, lagoons and estuareehighly productive ecosystems and
support a variety of marine fishes including pipkés that use them as refuge from
hydrodynamic forces and tidal regimes, shelter regjapredation and as feeding and
nursery grounds (Hiddink & Jager, 2002; TeixeiraV&eira, 1995; Vincent, 1995b).
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Pipefishes are an important ichthyofauna trophimponent of the sub-aquatic vegetated
and reef habitats in these ecosystems and canupe fat depths from about 5 to 30 m
(Dawson, 1985; Teixeira & Musick, 1995). Pipefiststsmre an interesting behavioural
aspect in their reproductive strategy. The usualrskes are reversed, as males may limit
the females reproductive success and/or the fencalapete with each other for access
to mates (Wilsoret al, 2003; Berglund & Ahnesjo, 2003; Ahnesjo, 1996gisss0n,
1988). It has been observed that females of som@espofSyngnathussuch asS. typhle
may provide eggs to several males while males regive eggs to fill their brood pouch
from one or several females (Avig al, 2002; Berglund, 1991). The females will
usually have oocytes at different developmentajetaand will therefore have mature
eggs continuously throughout the breeding seasonnggjo, 1996). The females
therefore produce more eggs than the males cardltoong an equivalent period of
time (Berglund & Ahnesjo, 2003; Ahnesjo, 1996). Theubation period 08. typhlemay
extend to one month (Berglund & Ahnesj6, 2003; Ajiel1996), and male pipefishes
release offspring that do not need any further tiroare. Colouration can be variable
within species for camouflage to match certain @lga sponges or between males and
females during courtship or after mating (Kuited0Q). Pipefishes are generally diurnal
and use their snout for suction feeding primaritysmall crustaceans such as mysids or
on larval fishes (Campbell & Able, 1998; Svenssi988). Pipefishes are poor swimmers
and therefore catch prey by lying along the eddereefs or attaching themselves to
seagrass beds in strategic areas with moderatentsir(Kuiter, 2000). Thus, the
dependence of pipefishes on vegetation, reef aalfeséd estuarine and coastal habitats

makes them vulnerable to habitat alteration.

Ecological studies of South African estuarine amstal systems through regional
surveys have provided site-specific data for vaiSouth African fish species (Harrison,
2004; Whitfield, 1998; Day, 1981). These studiegehalso been useful in deriving local
and regional spatial patterns of coastal and mdiiste communities and the factors
affecting them (Beckleyet al, 2002; Turpieet al, 2000). However, most of these
advanced ichthyofaunal surveys have not been umijospread along the coast and have

been restricted to important commercial fishes fieset al, 2000). The ecology of non-
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important commercial fishes has been neglectedgtihtiey are major components of the
community structure of reef and vegetative hahitBstuarine fish communities have
generally been studied comparatively to quantifgcgs richness (Santoet al, 2005)
and species assemblage patterns (Mbahaé, 2005; Beckleet al, 2002; Turpieet al,
2000). Several factors and processes linked toamggs between estuarine and coastal
zones (e.g. vegetation, nutrient inputs, tempeeatsalinity, dissolved oxygen and river
discharge) have been shown to affect the spatékemporal changes in abundance and
distribution patterns of estuarine fishes (Ramosahtiaet al, 2005; Harrison, 2004).
For example, Harrison (2000) carried out a longatesurvey of ichthyofaunal
communities of South African estuaries at the negioscale and concluded that the
geomorphology, opening phases and biogeographagabm shape fish species richness
and community assemblages. Although our undersignali the patterns and processes
underlying the distribution of pipefish communitieas made much progress in the past
decade (Hiddink & Jager, 2002; Teixeira & Vieir®95; Gordinaet al, 1991; Ryer &
Orth, 1987; Howard & Koehn, 1985) little is knowrboait the spatial patterns of
biological or life history traits in specific fisassemblages. Various studies done of fish
distributions indirectly support the habitat tentplaoncept of ecosystems, which relates
trends in species traits to habitat variabilityr(®al et al, 2005; Townseneét al, 1997)

as a theoretical framework for assessing and gredit¢he functional organization of
river or estuarine communities (Schlosser, 1987ngequently, the link between a
species biological traits and environmental vatigbshould be studied to explain the
distribution of fish species.

The ecology and biology of some speciesSghgnathusare well studied (Wilsoet al,

2003; Hiddink & Jager, 2002; Campbell & Able, 1998)rdinaet al, 1991; Howard &

Koehn, 1985; Gronell, 1984). However, publishedadietof the life histories and field
studies of South African pipefishes @yngnathusare not available. Biological
information on the two South African species istiieted to records of occurrence in
broad-spectrum studies on specific estuaries (Wldif 1998) and offshore
environments. Understanding South African pipefiéd history becomes particularly

important now that one of the speci8s,watermeyeras been added to Appendix Il of
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CITES (Convention on International Trade in EndaadeSpecies of Wild Fauna and
Flora) (Foster & Vincent, 2004; Whitfield, 1995)odtly planned and badly situated
coastal development in sensitive areas due to ekpgnhuman populations, often
without regard to the environment and river degtiada(Whitfield, 1998) are the main
causes for this pipefish’s vulnerability. Pipefisrere among the many groups of fishes
whose life histories and restriction to narrowpsrof coastline or eelgrass habitats in the
estuaries or rivers, making them highly vulnerataehabitat alteration. Comparative
studies on seahorses have indicated that specteslow rates of natural population
increase, complex social behaviour and distribstiom vulnerable habitats are more
likely to be threatened by changes in habitats téfo& Vincent, 2004). A thorough
understanding of South African pipefish populatioh$Syngnathusnd their spatial and
temporal structure is therefore needed. Knowledghe reproduction and development
of these pipefishes is crucial in developing resfle management strategies for their
conservation. Therefore, the purpose of this chiaptéo summarize the distribution of
South African pipefish ofSyngnathusbased on historical and recent survey data.
Understanding the distribution of a species is ofhdhe most important and basic
requirements for effective conservation and ecalagiand evolutionary research.
Emphasis will be placed on the South African popaoitaof S. temmincki(*S. acus) as
this had a larger data set due to its wider distiim and therefore presence in

ichthyofaunal surveys.

2.2 Materials and methods

2.2.1 Study area

The study area was the South African region whieeetwo pipefishes dbyngnathugsS.
temminckiiand S. watermeyeyihave been previously recorded and were collefded
this study. The South African coastline containgide variety of ecosystems, including
465 estuaries (Figure 2.1). It stretches for sod@3m from the Orange River mouth
(28° 38'S; 16° 27’E) on the west coast (Atlantice@n) to Kosi Bay (26° 54'S; 32° 48'E)
on the east coast (Indian Ocean) (Harrison, 2084hough numerous, South African

estuaries are generally small and cover only sol®@ It of this coastline. The

24



characteristics of the estuarine types are depeérafetheir position along the coastline
and thus on the climate of the region (Allanson &irB, 1999; Whitfield, 1998).

Walvis
Bay

ATLANTIC
OCEAN

Benguela current
Upwelling region
INDIAN OCEAN

Cape town Agulhas current

Port Elizabeth

Figure 2.1: Map of South Africa showing estuaries with thessaciated river systems,

the major offshore currents and the position ofanepastal towns.

2.2.2 Data collection and sampling

Locality and distributional data for specimens beé ttwo South African species of
Syngnathusvere determined from historical museum specimarfish collections held
in the South African Institute for Aquatic Biodiw#y (SAIAB/RUSI) and the South
African Museum - lziko (SAM) collected between 19&8Ad 2003. The latitudes and
longitudes for most localities of the collectionere taken directly from the specimen’s
catalogue data. Details of the date of collectlonality and number of individuals per
collection were also recorded. Field sampling coxerthe distributions of the two

pipefishes was undertaken throughout the Southc@ricoastline (June 2003) including
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six surveys in the Swartvlei estuary, evef§ tonth from 2002 to 2003. The estuaries
were sampled using a 2 m seine net during dayhghts. Seine netting was limited to
shallow (<1.5 m deep), unobstructed areas of astiawith gently sloping banks.

Additional data orS. watermeyernwere incorporated from recently collected fieldada

from the East Kleinemonde estuary between 1996-2003t of the specimens that were
collected in these field surveys were returnedeatosthe habitat. Any specimens retained
were preserved in 70% ethanol for DNA analyses. @hailable specimens from

collections and surveys were identified and meabufidhe pipefishes captured were
counted and also sexed to determine sex and sigeed. All the collected specimens will
be deposited in the SAIAB fish collection. Some cgpens were dissected to get the

numbers of eggs/oocytes in males and females.

2.2.3 Data analysis
2.2.3.1Length-frequency distributions of South Africa sigecofSyngnathus

The standard length (SL) of all animals from musexypacimens and routine collections
were measured to the nearest mm using dial calipées pipefish were grouped by the
date of collection and locality and divided inta Ength-classes (0-50, 51-100, 101-150,
151-200, 201-250 and > 250 mm) to obtain the lerigtquency distributions of each

species. Juvenile specimens whose sex could nd¢teemined were not included in the
statistical analysis. Male pipefishes were examiioedhe presence of a brood pouch and
the presence of eggs and embryos (if pigmented wges visible) in the brood pouch.

Developing brood pouches were distinguished frohly fleveloped pouches to identify

immature and mature males (Plate 1.3). Females weaenined for the presence of eggs
to determine the number of breeding and non-breenhdividuals. The specimen data
were coded for a given month of the year to deteenthe number breeding animals in
that month for each species. The length-frequemstyilaitions of the individuals of each

species were also plotted with regard to sex artdnita Abundances of the two species
per given year or locality were not compared beeaiiferent sampling gear was used

by the different collectors depending on locatiand collection dates.
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2.2.3.2Reproductive biology

The historical museum collections and routine samgptiata from the Swartvlei estuary

were analysed to estimate the duration of the thmtive season and time and details of
spawning (size at maturity, fecundity and matinges). The reproductive season was
estimated by considering the number of breedingviddals that were collected for each

season among collection years. Sex and size cléssesge structures) and sex ratios
were also determined to estimate the fecunditye 8equency distributions were used as
they describe the percentage of individuals in jpupetion or assemblage that fall within

defined size categories (Stergiou & Karpouzi, 208ewness of these distributions
from known normal distributions can be a sensitivdicator of deviations of observed

from expected values. Chi-squadé)(analysis was used to detect significant deviation
from the expected 1:1 sex ratio at a type | eregel with[] = 0.05. These analyses were
performed using the STATISTICA software packagatSoft, 2002).

The length at maturity was taken as the size athwvthe percentage of the number of
males and females in the sample that were pregmagravid was 50% of the number of
analysed specimens. The traditional way of deswgilohaturation in fisheries science is
based on maturity ogives, which describe how thedalbility of an organism maturing
during a given time interval depends on its age sind (Stearns & Koella, 1986; FAO,
1984). The size at first sexual maturityuéo = length at which 50% of individuals were
mature) was estimated by fitting the fraction oftuna individuals to a two-parameter
logistic curve function estimated from the cumwlatpercentage of mature individuals
from the length—frequency data. The curve was ddfioy the following equation (Weyl
& Booth, 1999):

P(L) ) =

-(L-Lwso)/ 0
1+e€

where P(L) is the percentage of mature fish at lengthLyso is the length at (50%)

maturity and is the width of the ogive.
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2.2.3.3Reproductive biology o$. temminckii

This analysis was based on data3otemminckibecause there were too few specimens
of adult S. watermeyeriMales and females were dissected to get counthaitire
oocytes (those hydrated) as well as numbers of/egdsyos in the male brood pouch.
The average number of eggs/embryos in the maledbpoaches and hydrated oocytes
found in gravid females were compared using T-tESTATISTICA) by defining sex as
the independent variable and the numbers of egg@si@® and hydrated oocytes as
dependent variables. The obtained results were amdpwith information from field
guides, published literature and other books, glityrature (reports, theses), and
communications with syngnathid researchers on adpecies ofSyngnathugFoster &
Vincent, 2004; Wilsonet al, 2003; Berglund & Ahnesjo, 2003; Jones al, 2003;
Campbell & Able, 1998; Gordinat al, 1991; Ryer & Orth, 1987; Howard & Koehn,
1985).

2.3 Results

2.3.1 Distribution data

A total of 545 specimens @&. temminckiand 134 specimens &. watermeyerwere
available from historical museum collections andtiree survey collections conducted
between April 1950 and December 2003 (Figure Z:Bg list of the museum specimen
catalogue numbers used in the study is given ireghg Ill. The long snout pipefisS.
temminckii was consistently present in collections throughth@ 53-year collection
record, whileS. watermeyerivas absent from collections for 21 years betwe@®31
1994. All records of this species occurrence astrigution after 1995 are from the East
Kleinemonde estuary. The species has not beenctmdlan the other three estuaries
although routine ichthyological surveys had beemedon these systems (Whitfield,
1998). The Catch per Unit Effort (CPUE) over mothe estuaries ranged from 0 to 5
fish per seine (2 m).
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Table 2.1: Distribution records of specimens of South AfricBn temminckiiand S.
watermeyeriand the number of individuals used in the analyl8e * next to a location

indicates that specimens were also collected duhiegecent surveys.

LOCALITY Latitude Longitude Sea access n
S. temminckii 543
Umkomaas (on pipeline) 30°12'00"S 30°48'00"E Marin 1
Kwelera (£ tributary) 32°54’'00"S 28°05'00"E Temporally open 5
East London 391'42.9"S 2754'57.3"E Temporally open 15
Keiskamma 33°18'00"S 27°29'00"E Temporally open 3
Great fish river* 33°29'37.3"S 2708'10.0’'E  Permanently open 101
Kowie* 33°36'11.2"S 2654'10.2°E =~ Permanently open 7
Kariega* 33°40'55.9"S  2641'15.6"E  Permanently open 104
Bushmans * 3311'41.0"S 2639'48.6"E Permanently open 6
Sunday’s 33°43'00"S 25°51'00"E Permanently open 5
Swartkops* 33°57'S 25 °28'E Permanently open 23
Algoa bay 34°02'00"S 25°42'00"E Marine 4
Gamtoos 33°58'00"S 25°03'00"E Temporally open 1
Cape St Francis 34°13'00"S 24°50’'00"E Temporalhen 1
Kromme* 34°08'27.9"S 2450'36.7’E = Temporally open 4
Keurbooms 34°02’00"S 023°23'00"E Marine 3
Knysna* 34°04'38.9'S  2303'33.4'E  Temporally open 108
Swartvlei* 34°01'51.2"S ~ 2247'49.3'E  Temporally open 126
Breede river 34°24'00"S 20°50’00"E Marine 4
Klein* 34°25'25.0"S 1918'13.4"E ~ Temporally open 10
False Bay* 34°11'00"S 18°26'00"E Marine 3
Great Berg* Permanently open 2
Lamberts bay 32°05’00"S 18°18'00"E Marine 3
Luderitz bay* Marine 2
Walvis bay* 22°56' S 14°30' E Marine 2
S. watermeyeri 108
East Kleinemonde* 33°32'21.8"S 2702'55.2"E  Temporally open 67
West Kleinemonde* 333228.2"S  2702'51.7°E  Temporally open 3
Bushmans* 3311'41.0"S 2639'48.6"E Permanently open 25
Kariega 33°40'55.9"S 2641'15.6°E ~ Permanently open 11
Kasouga 33°39'00"S 26°44'00"E Temporally open 2

The number of specimens per locality as well agsgof the locality to the sea were also

determined and are shown in Table 2.1. The Swamgleiary has the highest number of

specimens due to the 229 juveniles that were sahtpleng the routine surveys of this

estuary. The distribution map @&. temminckiibased on the available latitude and

longitude data of the specimens collected durirgstlrveys or available from museums

is given in figures 2.3. The distribution & watermeyerfrom the available museum



specimens and surveys done during this study waitasito that from historical literature

(See figure 1.6 on page 7 in chapter 1 for theidigion map). The records confirm that

this species is only known from the Kleinemondesdiaya, Bushmans and Kariega

estuaries. The results sugg&sttemminckihas a wide distribution in Southern Africa

ranging from Walvis Bay in Namibia to as far as tbeastal areas in the East

(Umkomaas) in the Kwa-Zulu Natal (KZN) province 8buth Africa. The species has

marine as well as estuarine populatioBgngnathus watermeyeon the other hand is

more restricted and was only collected from thetEasl West Kleinemonde and

Bushmans estuaries during the recent surveys vatheoord or evidence of a marine

population.
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Figure 2.2: Numbers of South African pipefish specimens Sf temminckiiand S.

watermeyeravailable from museum collections (1950-2003) sumey data.

The size-length frequencies for the two South Afnispecies are given in figure 2.4. The

juveniles sampled from the Swartvlei routine susvaye not included in this graph. The

standard length ofs. temminckiispecimens ranged from 10-300 mm. The standard
30



lengths ofS. watermeyerspecimens were much lower for this smaller spesiéis the
smallest individual being 58 mm and the largest &8 mm. There were more juvenile
specimens o6. temminckicollected during the surveys th& watermeyeriThe most
abundant size class for adults of both species thhas101-150 mm category. The
frequency distribution of monthly catches of theotapecies ofSyngnathudrom the
collection data and sampling done as part of thudysis shown in figure 2.5 where the
numbers of catches of fish for each month were ggddor all the collection years. They
therefore represent the entire period of availaplecimens from 1953-2003. The highest
numbers of pipefishes were caught during the spaimysummer period from September
to May for S. temminckiand from August, April and February f8t watermeyeriPeak
number of individuals was in November 8¢ temminckii There were very few fish
caught during the winter months (June and Julypfith species and the summer month

of January folS. watermeyeralthough there were surveys during these months.
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Figure 2.3 Distribution map ofSyngnathus temminckii Southern Africa based on the
SAIAB fish collection and recent sampling recondgth the position of major coastal

towns.
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Figure 2.5: Total monthly catches db. temminckiandS. watermeyercompiled from

the two Museum collection records and additionai@ang data.
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2.3.2 Reproductive biology

The length-frequency distributions of males anddkas for the two species are shown in
figure 2.6. The observed sex ratio for specimerSs.@émminckiof 0.6:1.0 (114 males to
203 females) was biased towards femalés £ 24.99,P < 0.05) and significantly
different from the expected 1:1 ratio. The obsersex ratio forS. watermeyer{0.7:1.0)
was also biased towards females representing 3alésnand 22 male® = 1.85,P <
0.05) and significant. Brooding males and gravind&es of the two species were present
almost throughout the year except for April and MayS. temminckiand June and July
for S. watermeyeriHowever, this may not be significant as it mayd&ated to sampling
effort.
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Figure 2.6: Length-frequency distribution of males and femdies all the analysed

specimens of. watermeyeriA) and South Africars. temmincki(B).
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The monthly length-frequency distribution (figur&Rsuggests that the breeding season
for S. temminckipopulation is during spring and summer from AugosiEebruary with
peaks from September to January. There was onlysomdl museum collection in

October, which may explain the lower numbers is thonth.

801 A Swartvlei §. acusjuveniles)
n =229

S. temminckifn = 35)

Number of individuals

S. watermeyelin = 21)
[ ]

Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May

Month

Figure 2.7: Monthly distribution of the number of juvenile giish (10-90 mm) ofS.
temminckiicollected throughout the 2002 and 2003 study pgariche Swartvlei estuary
(A) and the number of gravid females and pregnaaiescollected throughout the year

for all analysed specimens of South AfricdnwatermeyerandS. temmincki(B).
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However, the sampling data from the Swartvlei, asggested that the spring season is
the peak of the breeding season for this specdigsré€f 2.7) as juvenile pipefishes (< 50
cm) were collected throughout the year in all samgplocalities with high densities
during spring and early summer. The data on thetihhpudistribution of breeding adults
of S. watermeyenvas too low to allow confident conclusions. Ihigpothesized that this

species breeds during spring, as the highest numbdireeding adults was found
between August and September.

The number of males and females in the samplewkat pregnant or gravid for each
size category are given in figure 2.8. The numidegravid females for each category
appeared to be higher than that of pregnant mel@sever, this could not be tested. The
smallest male and female & watermeyercarrying eggs were 94 and 96 mm (SL)
respectively. It appears most breeding animaldared between 100-150 mm standard
length and that most of the males and femalesisfsfiecies mature in this size category
(graph A in figure 2.8). There were also a highember of gravid females than males for

the 100-150 mm SL size category. The smallest wflak temminckicarrying eggs was
108 mm, while the smallest female was 105 mm (SL).

The estimated size at 50% maturity for these twaispgfigure 2.9) were different, as
can be expected due to the difference in maximam Isetween the species. Size at 50%
maturity was estimated as 102 mm for females adnith for males ofs. watermeyeri
The estimated size at 50% maturity ®r temminckiwas 120 and 129 mm SL for
females and males respectively. Furthermore, siz@80% maturity were approximately
140 mm and 170 mm fd8. watermeyerandS. temminckjirespectively. It is important
to note that all the males 8f temminckiin the sample that were greater than 250 mm in
standard length were carrying eggs.
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Figure 2.8: Length-frequency distribution of the comparisotween gravid/not gravid
females and pregnant/not pregnant males for alattaysed specimens of the two South

African species ofyngnathusA = S. watermeyerand B =S. temminckii
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2.3.2.1Syngnathus temmincKibouth Africa)

Seventeen females and 13 males Sof temminckiiwere dissected for reproductive

analysis. The results of T-tests revealed thattlkean number of mature oocytes in the
females (379) was not significantly differentRat> 0.05 P = 0.06;F = 2.61) from the
mean number of eggs/embryos in the male brood p¢ieh) (Figure 2.10). The T-test

was performed because the Levéestfor homogeneous variances was not statistically
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significant @ = 0.14;F = 2.35). The lowest numbers of oocytes and eggsedaby
males and females were 86 and 105, respectively.rélationship between number of
eggs/embryos and oocytes and standard length mear land positively correlated for all
males and females (eggs/oocytes = 6.13 SL — #78, 0.56, n = 30) implying that

fecundity increases with the size of the individual

1400, .
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~
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140 160 180 200 220 240 260 280
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Figure 2.10: Regression of number of oocytes and eggs/embiyaisst standard length
in the population ofS. temminckii The 95% confidence interval for the number of

oocytes is also displayed.

The regression equations for both sexes betweembeaol eggs/embryos or oocytes and
the standard length were: number of eggs/embryompte = 6.17 SL — 765 (n = 16;=
0.63) and number of oocytes per female = 6.35 S845 (n = 17;r> = 0.47). The
comparison of slopes, which appeared slightly higahemales than for females, did not
provide evidence for significant differences betwesexes (ANCOVA;P = 0.29)
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indicating a similar increase in fecundity (humbecytes or eggs) with increasing length
for both sexes. However, males were significardghgér than the females. The maximum
number of eggs carried by males was outside the @&%tidence interval of the range
carried by females suggesting that males may beivieg eggs from more than one
female in this species. However this was not sigaitly different from the average

number of eggs carried by the females (F = 3778,0.06).

2.4  Discussion

2.4.1 Population distribution

The results of the analysis suggest the existehaa established breeding population of
S. temminckiin Southern Africa. There was a continued captfr&. temminckiin
South Africa over a period of 50 years as a resultarious surveys. Furthermore, the
distribution range of this species and the contisupresence of juveniles and sexually
mature males and females in various surveys is atsandication of an established
species. As noted in the literature, this spec#&sreproduce, stay within and complete
its life cycle in estuarine environments (WhitfieltP98). Coastal lagoons and estuaries
are highly productive ecosystems that can sentebgat and nursery areas for juvenile
stages pipefishes (Ramos-Miraretaal, 2005). However, the data on the occurrence of
this species in coastal areas shows that the speciet totally dependent on estuaries,
althoughS. temminckiindividuals spend the juvenile and adult phasetheif life cycle
within open or closed estuarine systems. It has) lmegested that most pipefishes
associate strongly with seagrasses, but this @yliko be a reflection of researchers
having easy access to pipefishes at shallow deptlisym collecting or trawling (Kuiter,
2000). Pipefishes are more difficult to find in dee water and trawlers avoid reef
habitats where they may be found. Survey resultsitfi#ld, 1998; Russell, 1994) have
suggested that the upper salinity toleranceStalemminckiis approximately 42%.. Thus,
survival in, and dispersal via the marine environmis likely. Laboratory trials on
salinity tolerance should be conducted to testhlgothesis. However, most of the field
data were from seine netting surveys in estuditde, trawling or collecting was done in
coastal areas. It is therefore reasonable to expattthe South Africars. temminckii

populations have an even wider distribution rarmga treported.
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The S. temminckiipopulation was most prevalent in the warm tempeatd cool
temperate regions of South Africa. Thus this speceay prefer water temperatures
below 25°C. For example, a mass mortality of pgleds was recorded in the Swartvlei
estuary when temperature exceeded 32°C (Russé&l¥).19herefore, the two South
African species oBSyngnathusre restricted in their distribution to specifighitats and
biogeographical zones. Even in the tropical zoneb sis Southeast Asia where a number
of pipefish genera have evolved independently, ispeof pipefishes are generally
restricted in their distribution to specific bioggaphical regions (Kuiter, 2000). This
restriction could be due to... However, the coltactof this species in the sub-tropical
area at Umkomaas demonstrates that this speaies anly found in colder waters.

The distribution ofS. watermeyerunlike S. temminckiis, however, very restricted and
no collections of the species have ever been madéher estuaries, apart from the four
adjacent estuaries in the Eastern Cape of SoutitaAfGiven the currently available
records, we can hypothesise that eitBewatermeyerihas been lost from various South
African estuarine systems, or that the speciesneaer colonised them. Although the
historical distribution of this species coveredaagjnt estuaries over a distance of about
100 km, the species was never recorded from thei&estuary, a system that is in the
middle of this distribution range and has a popaoiabf S. temminckiiWe would expect
to find S. temminckiiand S. watermeyeroccurring together in this system as the two
species are present in the other four estuarieS. Watermeyerhas been lost from the
Kowie then there is a need to find reasons. Anrenwental explanation is unlikely
given that climatic conditions are fairly uniformhroughout this region, and
physicochemical characteristics of this estuaryvarg similar to those in estuaries where
the species is extant or has been previously redordnother reason for the apparent
loss could be through competition with other fishasd in particularS. temminckii
However, the extent to which differences betweesally related species are the evolved
outcome of ecological interactions between themaosyet known for most organisms
(Schluter, 2003). There is no evidence whetherethe® closely related species show
differences in morphological traits that affecta@se use to verify whether there is

resource competition between them. Although, the species currently occur in the
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Kleinemonde estuary, there has been no recofl efatermeyerspecimens since 2000.
The remaining hypothesis that would explain thériected distribution ofS. watermeyeri

is that the species has never inhabited these reestulsom which it is absent, as the
species just like other pipefishes may be a pospetser and may have evolved within
the Eastern Cape. However, this species occursnvitie area near Port Elizabeth on the
south coast where the highest number of endemidhSAfrican species has been
recorded (Becklewt al, 2002; Turpieet al, 2000). This area is characterised by changes
in ocean currents with variable weather patterred thay be significant in creating
isolation and speciation among fish species and beayesponsible fos. watermeyeri
evolution (Teskest al.,2005).

2.4.2 Reproductive biology

It appears that the spawning period of the two ISAfrican species covers several
months. The occurrence in the collections and ssna a large number of newly
hatched young, males with eggs in the brood pouch gravid females suggests that
spawning continues from June to March fr temminckiand August to May fofS.
watermeyeri However, due to the small sample sizes of theaegeredS. watermeyeri
these apparent differences in spawning season weteanalysed statistically. The
spawning season f@&. temminckibccurs mainly in later spring and early summethwi
reproductive activity peaking in November and calmg with higher water
temperatures. Although no datem S. temminckiiwas available in October, the peak
increase of breeding adults in November coincidéh whe observed increase from
August to September and suggests that lack of mees is merely a result of a lower
sampling effort. These results are similar to theevvations of larvae of this species in

the Swartvlei estuary that were also most prevalaring this time.

The estimated spawning period ®f temminckivas longer than the periods reported for
most species oByngnathusA Black Sea specie§. schmidtiwas shown to have a
spawning season that commenced in summer (May twb@&9 and lasted for
approximately six months (Gordinet al, 1991). The long spawning period f&.

temminckiiis also supported by the fact that newly hatch&ll fuveniles and breeding
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adults were observed in every month. The resuliectereduced spawning activity
during the colder months when the temperature na@yoe optimal. Although there was
less data forS. watermeyerijt appears that this species also spawns in sy
summer seasons at higher water temperatures. Ttk rssources during the warmer
months may play a significant role in supporting tbbserved seasonal patterns of
reproduction within these two species. A recentdgthas observed that the highest
abundance of larval fishes and zooplankton in semegh and west coast estuaries of
South Africa occurs during the summer months (FortB005). A lack of growth and
reduced breeding activity during winter months smemon for otherSyngnathus
(Campbell & Able, 1998) and other temperate esteafishes (Blaber, 2000; Whitfield,

1998) and may also coincide with reduced food recssu

The sex ratio was estimated because it has beencshe the best predictor of sex-roles
and can therefore be used to determine which sepetes more actively for potential
mates (Wilsoret al, 2003; Berglund & Ahnesjo, 2003). The study foualthtively more
females than males for the two South African specidis skewed sex ratio with more
abundant females is typical of pipefishesSyhgnathusand has been observed among
various species. Targett (1984) and Herald (194d9erved a skewed ratio biased
towards females in the gulf pipefisByngnathus scovélland kelp pipefish§yngnathus
californiensig ranging from 1:15 and 1:3 male to females respelgt Berglund and
Rosenqvist (1993) observed an excess number obdaping females irs. typhleand
concluded that males act as reproductive “bottlesiethereby skewing the operational
sex ratio. A skewed sex ratio is expected to hawveftect on the spawning system of a
species since the sex in excess will compete dgtifer mates (Berglund, 1991,
Svensson, 1988). Therefore, the two South Afrigaeces ofSyngnathusnay exhibit

sex-role reversal with females competing for males.

Males of South Africars.temminckiimay also exhibit “polygamous” behaviour, as the
numbers of eggs/embryos in the male brood pouck Wwgher than the average number
of oocytes found in gravid females. The number g§sein one male was twice the

number of eggs found in the females. This suggestsmales can mate with more than
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one female during the reproductive season, as dngicg capacity of a male brood
pouch appears to be larger. It is possible thatetle a difference between the time
required by the male to brood the eggs and the tageired for the female to develop
hydrated oocytes. In such cases if the egg prasludgs much faster than the male
brooding period and if there is a male shortagmales can successfully mate with more
than one male (Teixeira & Vieira, 1995; Gronell,829 Furthermore, there were
differences in the number of eggs carried by théemath regard to size. The positive
correlation between number of eggs in the broodcpaand the size of the individual
suggests that larger males may be more reprodiyce¥icient. This was also supported
by the estimates for size at maturity (figure 2,4@ich showed that males attain sexual
maturity at a larger size than females for b8titemminckiand S. watermeyeriSize at
maturity was estimated as 102 mm and 118 mnSfovatermeyerand 120mm and 129
mm for S. temminckimales and femalegspectively. The number of oocytes in a gravid
female was also positively correlated with fishesiz

The results therefore suggest that the size ofsraate females may play a major role in
mating. For example, the effect of size on matingcess has been observed among
various species @dyngnathusas larger females are preferred by males, pgssdidause
they produce larger eggs, which improves the madpsoductive success (Berglund &
Rosenqvist, 1993; Berglund, 1991). It was obsethed the oocytes of a gravid female
were of different sizes and possibly different stagf development. The high proportion
of reproductively active females, their presencerothe whole study time and the
different sizes of oocytes in females may indigatet S. temminckiis a batch spawner
(Hespet al, 2002). An extended spawning period of severalthmror during the whole
year, with possible bimodal intensity is a charaofean indeterminate spawning species
(Hespet al, 2002). However, this hypothesis should be testefiirther studies using
histological data.
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2.4.2.1Reproductive strategy

The theory of r and K selection predicts that spean different environments will differ
in life history traits such as size, fecundity, age first reproduction, number of
reproductive events during the lifetime, and tdifal span (MacArthur & Wilson, 1967).
Most natural habitats offer intermediate conditi@asthat fish will tend either to the r-
end of the spectrum or the K-end, where r refethécstrategy involving many small and
fecund organisms, and K refers to the strategy lvmvg larger and fewer organisms
(Flegr, 1997; MacArthur & Wilson, 1967). The two 8o African species represent an
interesting scenario with regards to their repréidacmodel. The two species exhibit
some r-selection properties in that they occurstuaine and coastal areas, which are
very unstable habitats although highly productikpgendix IV). Syngnathus temminckii
has a high reproductive output (more than 500 @ggse brood pouch) that is expected
for r-selected species and with repeated breedvhigh provides for a fast population
increase. The estimated population sex ratios aes at maturity also suggest that males
and females ofS. temminckiiand S. watermeyerimay have different distributions,
activity or movements, and variation between serggowth, mortality and longevity.
Furthermore, the males and females of pipefishiepdtave been observed to mature
within the first and second year of birth with soghlife span of less than four years
(Campbell & Able, 1998; Vincent, 1995a; Vincent959).

However, the two species also exhibit some K- siele@roperties in that the species are
brooders, and spend time and resources ensurimtyauduring gestation, and produce
young that are fully developed and independent. él@w they provide no parental care
unlike most K- selected organisms. Many specidsshfgenerally show a wide range of
the r-K continuum (FAO, 1984). Although about 44 beyos (Whitfield, 1995) have
been recorded ir5. watermeyerino conclusion can be made about this specie’s r-K
range. Many r-selected species are associatedungtable environments that alternate
between periods of abundance and periods of higtalitg and therefore exist below the
carrying capacity of an environment (FAO, 198&yngnathus watermeyenhabits such
habitats and has limited dispersal capabilitiesljhe other pipefish species. The absence

of its juveniles in collections and its endangestdtus may also imply an unstable
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environment. A mass mortality &. watermeyerwas recorded during a survey by this
study after an estuarine opening event when 40 ggaefishes were collected after
stranding in reed beds of the East Kleinemondeaegtid population genetic analysis of
S. watermeyenmay show a population demographic pattern of graeding population
following a bottleneck event. It appears thereftivat a reproductive strategy that may
fall within the r range of the r-K continuum mayvieaevolved within these two South
African species ofSyngnathusemploy. While the concept of r/K selection has draw
some criticism, it has generally proven useful kplaining how life history traits
influence the ability of a species to respond teiremmental changes (Beggt al,
1999b; Campbell & Able, 1998).

2.4.3 Conclusions

In summary, this study shows that the knowledgaiaBouth African pipefishes is very
useful in understanding life history and populatidynamics. High priority should be
afforded to understand and conserve these vulreefedbles, particularly as they are part
of the large endemic component of the South Africathyofauna. Though these species
may live in a variety of habitats with a moderatidyge geographical range, they are
highly vulnerable due to the unstable environmémy reside in and their low fecundity

and limited dispersal capacity.
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Chapter Three

Morphological variation among South African specieof the genusSyngnathus

3.1 Introduction

Morphology has been the primary source of infororatfor taxonomic studies and
evolutionary relationships of fishes (Mattern & Mainan, 2004; Foster & Vincent,
2004; Dawson, 1985; Fritzsche, 1980; Gill, 1906js the basic fundamental observation
in biology. Species of almost all groups of orgargsshave been described and identified
on the basis of comparative anatomy or morpholdgieta (MacLeod, 2004; Hillis &
Wiens, 2000). The differences that exist today ketw species in morphology,
physiology, ecology, behaviour and distribution éaevolved in the course of
phylogenesis (Avise, 2000; Hennig, 1965). Patteofisphenotypic variation have
therefore been interpreted within an evolutionaigtdny framework in attempts to
elucidate how these factors are responsible fodifferentiation and observed variations
within and between species (Hillis & Wiens, 200Despite the availability of new
methods like genetic and behavioral studies, syatienththyologists have continued to

rely heavily on morphology for taxonomic charact@eyd, 2002; Kuiter, 2000).

There are various reasons for this, one beingrttwaphological studies allow for much
more thorough taxon sampling than is generally iptessvith molecular data (Wiens,
2001; Stepien & Kocher, 1997). Morphologists caalgre large samples of each species
from throughout its range, and can examine all km@pecimens for many groups of
poorly known organisms where the only known speosnare represented by the
holotype or type series (Hillis, 1987). Analysedarfye sample sizes in molecular studies
are often limited by availability of specimens (dese of the inapplicability of museum
specimens) and/or expense of analysis (Hillis & M¥je2000). Inclusion of sufficient
taxa in systematic studies is important as it cemprove accuracy of character
reconstruction and phylogenetic estimation (Macl.edd04; Wiens, 2001; Avise &
Wollenberg, 1997). Furthermore, ancestral charasttges can be used and easily scored

for a variety of taxa in morphological analyses wh#ossils and/or suitable outgroups
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are available. Other taxonomic methods such asvimia studies are not easy to plan
and obtain. Biological studies are also reliantnoorphological data to determine the

species being sampled (Brooks & McLennan, 2002).

Traditional morphometric analysis is still popuéard has become more effective due to
the use of improved statistical and multivariatelgsis. However, many aspects of
morphological analysis are still controversial,liatng the way in which characters are
selected, whether intraspecific characters camtdaded, how within-species differences
are coded, how character states are ordered andnmanghological characters are
weighted relative to each other (MacLeod, 2004;0Bs0& McLennan, 2002; Wiens,
2001; Avise, 2000). Ideal characters are thosevduat between the groups being studied
but not within them (Wiens, 2001). A thorough urglending of a character’s
distribution is important because polymorphism aoly occurs at the level of surface
traits of a species but also at the level of unyilegl mechanisms. The mechanisms may
involve effects of factors such as sex and growé#yes that may in turn be potential
confounding factors in the analysis (Ereshefsky &tftden, 2005). A lack of difference
between groups or species in one character doesveatule the differences observed in
other characters (Hillis & Wiens, 2000; Hillis, I98 A proper approach to
morphological analysis must therefore recognizesghdifferences and explore the
mechanisms that produce and maintain them (Erdsh&f$/atthen, 2005).

3.1.1 The effect of size on morphological variation

Morphological characters describe variation thdturedamentally quantitative whether it

is variation in relative size or shape or in couotaneristic characters (Wiens, 2001).
Size and sex are the two main factors referredntdhe context of non-geographic

variation that have to be accounted for when disishing species (Swain & Foote,

1999). Size is critical because it can vary withhelepmental stage such that comparing
groups with different average sizes can resultrioresous results in species distinctions.
It is also necessary to check for the effect of eaxmorphology because males and
females can be very different morphologically witha species (Palma & Andrade,

2004). It has been shown that the size factor capumt for up to 80 % or more of the
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variation among a set of variables (Tzeng & YehQ40 and may thus play a
predominant role in creating bias if not removashfrmorphometric analysis. Variation
in fish size is therefore usually assessed by séwarmalization methods that have been
shown to eliminate the influence of size due toraktric growth (Doherty & McCarthy,
2004, Lleonharet al, 2000).These procedures involve allometric equatihat not only
guantify the size dependence of a trait, but alsongi comparisons among individuals,
populations, or species that differ in body sizené8/o0 & Huey, 1990). The most
common method to eliminate the effect of size adlce all the individuals to the same
size is by adjusting the ratio of every measurenterd selected independent variable.
For example, most studies of fish have adjustedlgéhgth of variables such as head
length using the standard length as the independamble (Sinervo & Huey, 1990;
Herald, 1941). However, this procedure is only d/dlithe species under study exhibits
isometric growth, that is shape and ratios do hange with size. Several other methods
like allometric models, regression analysis andtivadiate analysis have also been used
to correct for the size factor (Lleonhattal, 2000; Reist, 1985). These procedures have
been shown to adequately achieve size and shamgatiep in fish analyses and
reasonably meet statistical assumptions (Palma &r#de, 2004; Langerharet al,
2003; Innes & Bates, 1999; Reist, 1986). For examplclear morphological difference
based on 18 adjusted morphometric character®&grus pagrussamples, and 14 for
both Pagellus bogaravecand Dentex dentexwas displayed between Atlantic and

Mediterranean samples (Palma & Andrade, 2004).

However, Swain and Foote (1999) have emphasizeédtuy size variation is not simply
a component that needs to be corrected for or emmoved and ignored, but that it is
instead a biologically important variable that nreéal be considered in conjunction with
variation in shape for some fish species. Body &ias been shown to have a strong
influence on an organism’s life history (Knouft,(). Talk about cryptic species. The
measures of size differences between species carlioators of niche differentiation in
similar coexisting species due to morphologicalbehavioral characteristic variation
(Knouft, 2003; Guillet al,, 2003). For example, body shape has been comleldth the

extent of stream residence among the speci€ncebrhynchugSwain & Foote, 1999).
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Body shape has also been linked to the ecologibalacteristics and evolutionary
relationships withirEtheostomgKnouft, 2003). Guillet al. (2003) found significant and
considerably greater body depth EBtheostoma caeruleums compared to other darter

speciesk. nigrumandE. stigmaeumwhen comparing morphological variation.

3.1.2 South African speciesf Syngnathus

As previously stated (Dawson, 1986), taxonomicti@ships withinSyngnathusequire
clarification. Previous reviews of pipefish gendéna Dawson (1985 and 1986), Herald
(1941) and Fritzsche (1980 and 1981) were basespeaimens from limited geographic
areas such that the conclusions reached were ioftenurate or turned out to be invalid.
Species within Syngnathushave been recognized on the basis of differences i
morphological features that generally overlap amgmecies within this genus (Dawson,
1985). Variation in morphology of different poputats has been documented in various
widely distributed species such bppocampus kudand Syngnathus leptorhynchus
(Kuiter, 2000; Fritzsche, 1980). Many localized aroforms are present, and most
specimens are lumped as a single species, duedadiusive research from preserved
specimens. Therefore, ranges and mean values gdhwmlogical characters have been
important in defining group memberships and spedesignations. The differences in
populations from different geographic areas of wiaeging fishes are sometimes as
substantial within species as they are within gen@awson, 1986). It has been
suggested that most pipefish species with wide mggtdc ranges and which occur in
different habitats may consist of genetically disti forms or different species
(Chenowethet al, 2002; Kuiter, 2000; Vincent, 1996). Wide geoglapsampling is

therefore critical for syngnathid descriptions.

However, phenotypic variation is particularly highmany kinds of fishes (Borsa, 2002;
Tudela, 1999; Hillis, 1987), and more so in the ifgrByngnathidae (Tesket al, 2004;
Kuiter, 2000; Dawson, 1985), and should not necdgdae associated with high genetic
variability. Morphological variation between geoghically separated populations may
be due to the interaction between the genetic tstreicof the population and

environmental conditions. Aquatic environments bxhigreat spatial and temporal
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variability that affects fish distribution and desgal and therefore plays a major role in
shaping morphological variability among fishes (§rerg & Cunningham, 2001). The
South African coastline, which is very variable, ssch an environment as it is
characterised by complex climatic and oceanograptonditions with variable
geomorphology. It is has been divided into threenntmogeographical regions based
largely on water temperatures namely cool tempgevadem temperate and sub-tropical
regions (1970s; Whitfield, 1998). These differeiageographic regions have been shown
to have a profound influence on estuarine envirorim@nd coastal waters and hence
phenotypic variation among fishes (Turpé al, 2000; Whitfield, 1998). The major
environmental factors (or variables) responsible distribution and morphological
variation are differences in both the abiotic ahd biotic habitat characteristics like
temperature, salinity, water depth, direction ofat currents, substrates and vegetation
types (Wiens, 2001). These variables result inedéfices in the availability and
composition of resources. Species widely distridutesuch heterogeneous environments
may therefore be expected to exhibit differentmatiio genetic and phenotypic characters
or both (O'Reilly & Horn, 2004). For example, salepopulations of the freshwater
three-spine sticklebaclkGasterosteus aculeafuappear to have originated largely as a
result of this diversification after invasions dfet marine population into freshwater
habitats (Brooks & McLennan, 2002; McKinnon & Ruad2002; Bell & Foster, 1994).

The S. acusspecies complex is an ideal species for studyueh sariation because of its
presumed broad distribution. The range of the ggespans all three Southern African
biogeographic regionsS( temminckji and is stated as having a European population
(Whitfield, 1998). It was also be interesting taifse whether there was morphological
variation within S. watermeyerias this species has a restricted distribution and
presumably restricted dispersal capabilities. Ptygo variation within a species
increases if the species has limited powers ofedsspd (O'Reilly & Horn, 2004). The
assumption for the restricted dispersal of Southcah pipefishes oSyngnathustems
from the rare occurrence of the juveniles of thisiees in offshore ichthyoplanktonic
tows (Dawson, 1986). Juveniles and adults of these pipefishes have been mainly

recorded from estuaries and estuarine and coasfaleed beds in nearshore and shallow
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water habitats (Whitfield, 1998; Vincent, 1995bjn¢® the individual characteristics of
each estuary play an important role in determinitgg fish community structure
(Harrison, 2004), the pipefish specimensSghgnathugrom this study will be grouped
according to their location and biogeographic regidhe assumption here is that
estuaries in which similar physical/geo-morpholagig@rocesses operate ought to
produce similar habitats (Harrison, 2004; AllangoBaird, 1999) and as a result similar
morphological types. Any other differences in thpefish communities of the estuaries
of a particular type therefore could be due to baggaphy or speciation. This chapter
will attempt to clarify these issues using standaaphological procedures. Therefore,
the aim of this chapter is to analyse and comgeartorphological differences between
the species of South Africayngnathusising large sample sizes and size-adjusted data.
The different localities 06. acugEuropean and South African populations) will abeo

compared morphologically to verify whether theyresgent more than one species.

3.2 Materials and methods

3.2.1 Specimen collection

Fish used in this study were collected from vasi@outh African estuaries and coastal
areas between the years 2001-2003 using a two-nsstligre net. Specimens of
Syngnathugrom the following museums were also examined;tis@drican Institute of
Aquatic Biodiversity, Grahamstown (SAIAB/RUSI), ShuAfrican Museum (SAM),
Museum National d’Histoire Naturelle, Paris (MNHN)atural History Museum of
London (BMNH), National Museum of Natural Historizeiden (RMNH) and the
Zoologisches Institut und Zoologisches Museum, Hamh(ZMH). Sample sizes and
localities for the specimens examined are showiiahle 3.1. Figures 3.1 and 3.2 are
maps for the locations of European specimerfS. @cusand South African specimens of
S. temminckiavailable for analysis created using ArcView3.8E, 1999). The details
of the museum material examined and voucher nundrergjiven in appendices IIl and
V. Photographs of some holotypes and specimensnoé species are given in plate 1.4-I-
8. The holotype and syntypes®facus, S. temminckindS. delalandiwere included in
the morphological analyses to verify whether th&edent locations of S. acus”

represent more than one species group.
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Table 3.1 The list of locations and number of specimenauged in the study.

Location GPS Biogeographic region

S. acus

United Kingdom, France, Spain Not available Ndtstern Atlantic 84
& Morocco

United Kingdom Not available North Sea

Cyprus, Greece & France Not available Mediterrarteea 5
S. temmincki{Southern Africa)

Walvis Bay (Namibia) 22°56' S 14°30' E West coast

Luderitz Bay (Namibia) 26°65' S 1815'E West coast 3
False Bay 34°09' S 2207' E West coast 2
Klein 34°25'25.0"S 1918'13.4"E West coast 10
Swartvlei 34°01'51.2"S 2247'49.3"E West coast 111
Knysna 34°04'38.9"S 2303'33.4"E West coast 34
Kromme 34°08'27.9"S 2450'36.7"E West coast 5
Kariega 33°40'55.9"S 2641'15.6"E East coast 86
Kowie 33°36'11.2"S 2654'10.2"E East coast 7
East London 391'42.9"S 27554'57.3"E East coast 15
S. watermeyeri

Bushmans 331'41.0"S 2639'48.6"E East coast 10
Kariega 33°40'55.9"S 2641'15.6"E East coast 9
West Kleinemonde 33°32'28.2"S 2702'51.7"E East coast 3
East Kleinemonde 33°32'21.8"S 2702'55.2"E East coast 33

10°

i~

557

North Eastern
454 Atlantic

35°

Figure 3.1. Localities @) of museum specimens of Europ&anacughat were analysed

morphologically. Details for exact location data given in Appendix VI.
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Figure 3.2. Biogeographical regions of South Africa showing libcalities @) of South
African species specimens used in the morphologinalysis.Syngnathus watermeyeri

was only available from the Kariega, Bushmans, Kigacand Kleinemonde estuaries.

3.2.2 Morphometric and meristic data

Counts and measurements follow the standard metgoasm by Dawson (1985) and
Herald (1941). Measurements of body lengths wereeam a measuring board graduated
in 1.0 mm intervals. All other smaller measurememése taken using dial calipers and
recorded to the nearest 0.1 mm. Fin rays were eduasing a stereomicroscope. The
rays of both pectoral fins were counted and giveraa average. Some fin-ray counts
could not be determined because of the poor camddf the specimen. In such instances
the reported values were taken from the originacdption (for holotypes) or the
specimen was discarded from the analysis. The nuofsibdorsal rings was estimated
to the nearest fourth of the ring length and is b of subdorsal trunk and tail rings
(Dawson, 1986). Table 3.2 and Figure 3.3 show aefinel the 16 meristic and

morphometric characters examined for all specimens.
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Table 3.2.Description of the morphological characters meagbawson, 1986).

No. Character Description

1 Standard length SL Distance from tip of lower javbase of median caudal fin
rays

2 Head length HL Tip of lower jaw to posterior miargf opercle

3 Snout length SnL  Anterior tip of snout to innatexior margin of bony orbit

4 Snout depth SnD  Smallest vertical dimension otign

5 Caudal fin length CFL  Length of caudal fin

6 Orbit diameter oD Bony orbit diameter

7 Inter-orbital width  IOW  The smallest bony widtleasured above centers of the eyes

8 Trunk depth TD Maximum depth of trunk betweeneoumargins of superior
and median ventral trunk ridges

9 Dorsal fin base DFB Dorsal fin base

10 Pectoral fin rays PFR  Number of pectoral firsrégverage of both fins)

11 Dorsal fin rays DFR  Number of dorsal fin rays

12  Tail rings Tail From %tring behind anus to penultimate ring excluding
terminal element bearing caudal fin.

13  Trunk rings Trunk From ring bearing pectoral fin base to ring beathmanus

14  Subdorsal ring SDR1 Number of trunk rings cosddrg the DFB

15 Subdorsal ring SDR2 Number of tail rings covdrgdhe DFB

16  Subdorsal rings SDR SDR1 +SDR2

. DFB
Dorsal fin rays <
HL SDR1 SDR2
< > “—>+———»
(Il
]
—> .
] o Body ring
Trunk rings | Tail rings
v
Pectoral fin rays Anal fin

Figure 3.3 An illustration (Dawson, 1985) of some of the plwometric and meristic
characters described in Table 3.2.
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3.2.3 Data and their adjustments
Linear measurement characters were standardized tpristatistical analysis using two
procedures. The first procedure arrived at proposgtiby standardizing all morphometric
data as ratios of standard length (SL) except far $nout length, which was also
standardized as the ratio of head length (SnL/Hlbhe second procedure adjusted the
morphological measurements using the modified féamaf Reist (1985) from Turan
(2004) and Cabradt al. (2003) represented as:

Mag = M (Ls/Lo)°

where Mgjis the size-adjusted measurement for the chardgtes the standard length of
the fish, M is the original morphometric measuretrend Ls is the mean standard length.
The slope of the regression model of the logaritiefi! and L, using all specimens
represented by. For the analysis, specimens were grouped acapidirsex, species
group (each population with holotype/syntype), biographical region (cool temperate
and warm temperate) and locality. These variousgoates or effects were selected and
analysed because they have been reported to haféeahon the phenotypic expression
of fish (Caseet al, 2004; Avise, 2000; Benzie, 1997). There wereelsgecies groups,
a group ofS. watermeyerand two groups 085. acusspecimens separated due to the
spatial distance between populations, that is, [BdAftican (S. temmincKji versus
European $. acuy Specimens o6. temminckiwere divided into two biogeographical
groups: region 1 = West Coast (Kromme to Walvis )Bayd region 2 = East Coast
(Bushmans to East London). Only two regions wectuoted in the analysis of the South
African samples because there were too few specimgailable from the subtropical
biogeographical region (Figure 3.2). The differémtalities of S. temminckiiand S.
watermeyeriwere separated according to the locality data ef dliailable specimens
listed in Table 3.1.

Only locations with more than ten available specim@ere included when analyzing the
effect of locality on morphological variation. Tleéore, the False Bay, Kromme and
Kowie S. temminckispecimens were excluded while the specimenS. okatermeyeri

from the neighboring East and West Kleinemondeagits were combined to make a
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larger sample. This resulted in five localities §Ebondon, Kariega, Knysna, Swartvlei
and Klein) forS. temminckiand three localities (Bushmans, Kariega and Klemehe)
for S. watermeyeriThough there were a number of European specimieBsacusthese
were not divided into specific localities becauséoo few specimens (less than 10) from
the North and Mediterranean seas. Each statisticalel therefore tested for the effects
of each factor (sex, species group, biogeographegibn and locality) on a response
variable that is the morphological character. Toléowing null hypotheses were tested:
(1) there is no difference in character means ans@x@s or (2) among species groups,
(3) biogeographical region had no effect on morpbmlal variation ofS. temminckii
populations, and (4) there is no morphological atawsn among the different localities of

South African specimens & temminckior S. watermeyeri

3.2.4 Statistical tests

Analyses were performed using the STATISTICA sofevaackage (StatSoft, 2002). All
analyses were performed on unadjusted, proportidata and size-adjusted data.g
Exploratory analysis was done as an initial stegesi for homogeneity of variance.
Residuals were tested for normal distribution ughrgy Shapiro-Wilk’'s W test. One-way
ANOVA (F test) was used to check for phenotypic variatietwieen species groups and
their holotypes/syntypes among morphological charac Statistical tests employed the
Tukey’s post-hoc HSD (honestly significantly dikeit) test for unequal N to assess the
relative importance of each character for groupasgpn among categories. Separate
analyses were initially done for morphometric andristic characters based on the
assumption that the two kinds of variables respdiiifierently to environmental
conditions and genetic make-up. However, as theewo significant differences in
results P > 0.05), all morphological characters were comthiire subsequent analyses.
Standard length and all other measurements werd &me estimation of length-
relationship correlations among the three speadiesps. The slopes of SL versus other
morphometric characters were compared using asabfsicovariance (ANCOVA) to
check whether these were significantly differentoam species groups. Principal
component analysis (PCA) and discriminate anal§Bis), both of which are useful in

analysing intraspecific variation were also emptbyesing STATISTICA. Principal
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component analysis was performed to detect morgieabdifferences between groups,
to determine the contribution of each charactetht differentiation and to choose the
appropriate subset of variables to be used in O# DA was used to obtain a function
for discriminating groups previously defined by tREA using stepwise and forward
procedures. All juveniles and adult specimens wiilsing values were excluded from
PCA and DA for each specific analysis. The analyse® done using these two methods
to determine the effects of sex, biogeographicgiores and location on phenotypic

variation among specimens as well as within theisgegroups.

3.3 Results

3.3.1 Basic statistics

A total of 430 specimens were analysed, represgi@outh African (Indian and Atlantic
oceans) and European populations (North East AdlaBhglish Channel, the North Sea
and Mediterranean Sea). Variation in morphologatearacteristics (especially the snout
length, and counts of DFR and PFR) were suffictentdentify S. watermeyer{Figure
3.4). The basic statistics and relationships ofphometric and meristics characters for
all the specimens according to species group aremsuized in Tables 3.3 and 3.4. The
relationships among meristic characters for spegiesps are also presented in figure
3.5. The descriptive statistics are mean, standawhtion (std dev), standard error (Std
err) and range. The number of subdorsal ringstimated to the nearest fourth of ring
length such that the point of dorsal fin originrégorded in quarter-ring intervals (0.25)
before or behind the anterior margin of the fiest ting (0-point) (Dawson, 1986). The
morphological measurements of the holotypes andtypgs of nominal species
conspecific withS. acuswvere segregated according to populations. Shacusholotype
being a larger specimen (434 mm) had morpholognahsurements similar to the
EuropeanS. acusgroup but was completely out of the range of mesments for the
South AfricanS. temminckigroup. The type specimens of the two South Afripges,

S. temminckiandS. delalandiiwere however much smaller in size and within thet$

of the S. temminckiigroup. Morphological characters were positivelyrelated to
standard lengthrf > 70%) for the twdS. acusgroups. However, there was no significant
correlation (% < 70%) between SL and SnL, SnD, IOW and TDSowatermeyeri
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Figure 3.4: Differences in snout length of South African speam® ofS. watermeyeri
(A) andS. temminckiB).

Table 3.3: Variation in meristic characters for each of the@es groups. Species group

1 =S. temmincki(South Africa), 2 =S. acugEurope) and 3 S. watermeyeri.

Character Sp. Group n  Mean Stddev Stderr Min  MaxP**
Dorsal fin rays 1 275 37 1.68 0.101 33 42 *
2 83 39 2.69 0.295 33 44
3 53 30 1.29 0.177 28 33
Pectoral fin rays 1 202 12 0.84 0.059 11 14 bé&c
2 45 12 0.80 0.120 10 14
3 21 7 0.58 0.126 6 8
Trunk rings 1 277 20 0.76 0.046 17 20 bé&c
2 84 20 1.17 0.127 15 21
3 53 17 0.43 0.059 16 18
Tall rings 1 277 39 1.28 0.077 36 43 *
2 84 43 2.05 0.223 37 45
3 53 38 0.88 0.121 36 41
Sub dorsal rings 1 1 277 1.17 0.35 0.021 0.25 2.0D& ¢
2 83 1.26 0.38 0.042 0.50 2.75
3 42 0.50 0.21 0.033 0.25 1.00
Sub dorsal rings 2 1 277 8.18 0.55 0.033 6.75 9.50 *
2 83 7.93 0.62 0.068 6.50 9.50
3 53 6.82 0.34 0.047 6.00 7.50
Sub dorsal rings 1 277 9.36 0.55 0.033 7.75 10.75
2 83 9.19 0.71 0.078 7.50 11.25
3 53 7.22 0.35 0.049 6.25 8.00

The abbreviations are number of specimens (n)datandeviation (Std dev), standard error (Std &ng

range (minimum and maximumgignificant results B** < 0.05) for differences between species
groups are displayed as follows: * = all speciesugs different from each other while: b =1 & 3 and
¢ = 2 & 3 are significantly different from each eth
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Table 3.4: Variation in morphometric characters (mm) among 8pecies groups.

Species group 1 S. temminckji2 =S. acusand 3 =S. watermeyeri.

Character Sp. Group n Mean Stddev Stderr Min Max P
Standard length 1 277 133.8 37.69 226 32.0 261.0
84 244.1 90.89 9.92 69.0 4120
53 111.5 14.65 2.01 85.0 144.0
Head length 1 277 16.7 5.25 0.32 4.5 34.2 *
2 84 34.0 12.22 1.33 10.1 58.0
53 10.5 1.07 0.15 7.9 12.7
Snout length 1 277 8.6 3.68 0.22 1.8 21.2 *
2 84 19.6 7.67 0.84 4.7 32.9
53 3.6 0.57 0.08 2.4 4.8
Snout depth 1 80 1.6 0.39 0.04 0.8 27 a,c
2 81 2.9 0.89 0.10 0.8 4.9
41 1.3 0.19 0.03 0.4 1.7
Orbit diameter 1 272 25 0.55 0.03 0.9 3.9 *
2 84 3.9 1.18 0.13 1.3 6.4
53 1.8 0.24 0.03 1.3 2.6
Inter orbital width 1 272 1.2 0.24 0.02 0.4 2.3 ca,
2 84 2.1 0.70 0.08 0.8 3.8
53 1.0 0.23 0.03 0.7 2.1
Trunk depth 1 277 3.9 1.44 0.09 1.0 109 a,c
2 84 8.4 3.64 0.40 1.7 18.6
53 4.1 0.75 0.10 2.7 6.0
Dorsal fin base 1 277 16.8 4.7 0.28 4.5 35.1 *
2 84 29.3 11.8 1.29 8.1 58.9
3 53 12.4 1.7 0.23 8.0 15.5
Caudal fin length 1 271 4.6 1.19 0.07 1.50 8.1 *
2 81 8.1 2.93 0.32 2.79 13.5
3 53 3.7 0.56 0.08 2.34 4.9

Note:** Significant resultsi < 0.05) for differences between species groupsliapayed as follows:
*—all;a=1&2;b=1&3andc =2 & 3 specigoups are significantly different from each other

ANCOVA revealed that most of the slopes of the @sgion models of the relationship

between SL and the other morphometric characters significantly different from OR

< 0.05) and significantly different among the speciesugs for unadjusted data (Table

3.5). The slopes were significantly different am@pgcies groups for SnD, OD and DFB

(Table 3.5). The relationship of SnL to HL for EpeanS. acuspopulations was

significantly different from that of the two Sou#frican species groups. SnL and HL
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regression models were significant with regarddmparisons witts. watermeyenvhile
TD and CFL were only different betwe&nacusandS. temminckii

Table 3.5: Results of ANCOVA analysis on the relationshipwen standard length

and other morphometric characters for each spegces.

Morphometric variable Species (slope intercdpt - p**

S. temminckii S. acugEurope) S. watermeyeri

(SA)
SnL/HL 0.68 0.59 0.42 a&b
SnL 0.09 0.08 0.03 b&c
SnD 0.01 0.01 0.01
HL 0.13 0.13 0.06 b&c
D 0.03 0.04 0.03 a
Iow 0.01 0.01 0.01 a&ec
oD 0.01 0.01 0.01
CFL 0.02 0.03 0.03 a
DFB 0.12 0.13 0.10

Note: * = all species groups different from eacheptwhile;a=1& 2;b=1& 3 andc=2 & 3 are
significantly different from each otheBpecies groups 1 S. temminckji2 = S. acusand 3 =S.
watermeyeri.

3.3.2 Effects
3.3.2.1Size-adjusted data (M)
ANOVA showed that there were differences betweere-adjusted morphometric

characters (Table 3.6). Size-adjusted characters significantly different for species
groups, sex, localities and the two SA biogeogmapégions foiS. temmincki(P < 0.05).
Most meristic characters were different among thecges groups except for trunk and
SDR1 that were not different betwe8nacusandS. temminckiiSignificant differences
were also found among the three species group$Syoignathusfor most of the
morphometric characters. Though the effect of sexnwrphometric characters was
significant only three characters (HL, SnL and ™Mxre significantly different among
the species groups. The two South African biogguucal regions were also
significantly different morphologically except féowur meristic (DFR, SDR1, SDR2 and
SDR) and one morphometric character (SnD). Howetlegre were no significant

differences for all meristics among the three lmret of S. watermeyeriThere were
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some differences in morphometric data between ilmtatof S. watermeyeri The
Kleinemonde specimens were only significantly défg from the other two locations in
HL but also differed from the Kariega samples for OD measurements. Average values

for the Bushmans and Kariega specimens were offrelnt with regards to the OD.

Table 3.6: Results of ANOVA of adjusted (M) morphometric characters for the effects
of species group (1 =S. temminckji 2 = S. acusand 3 =S. watermeye)j sex,
biogeographical region$( temminckjiand locations§. watermeyeyion morphological
variation. The * represents comparisons that ayeifstant atP < 0.05.

Character Species group Sex| S. temminckii S. watermeyeri
1&2 1&3 2&3 SAregions (Eastand Westl &2 1& 3 2&3

HL * * * * * *

SnL * * * * *

SnD * * *

OD * * * *

oW * *

TD * * * *

DFB * * *

CFL *

The results for different localities of tige temminckifor size-adjusted data are presented
in table 3.7.Syngnathus temminckiocations were morphologically distinct for most
charactersK < 0.05) but not for three meristic characters (SD8QR and PFR). Post-
hoc pairwise comparisons (Tukey’'s HSD test) betw#en specimens did not show
significant differencesR > 0.05) for all locations (Table 3.7). The Klein pégdion was
similar to the Swartvlei population for most morphetrics except in the SnL. The East
London population was only different by two morphedric characters from the Knysna
(SnD and IOW) and Kariega (OD and DFB) populatiohse Swartvlei and Knysna
individuals were very similar to each other apaoinf differences in SnL, DFB, Trunk
and DFR. There were significant differences for indsaracters among the Kariega,
Knysna, and Swartvlei populations. The major ddferes between these locations were
for the morphometric characters SnL, OD, TD and DHEe Kariega population was the

most morphologically different population.
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Table 3.7: Significant differences based on pairwise compassior size adjusted (V)
data between different localities 8f temmincki(1 = Klein, 2= Swartvlei, 3 = Knysna, 4
= Kariega and 5 = East London). The * representspasisons that are significantRi
0.05.

Morphometric Pairwise comparison

Character 1&31&4 1&5 2&3 2&4 28&5 3&4 3&5 4&5
HL * * * * *

SnL * * * * * * *

SnD * *

OD * * * * *
|OW * * * * * *

TD * * * *

DFB * * * *
CFL * * *

3.3.2.2Proportional data

Proportional data were only slightly different frothe size-adjusted data gh).
Morphometric characters also showed very high tianaamong the three species groups
except for IOW. There were no significant differeacbetweers. watermeyerand S.
acus for SnD and OD. The effect of sex on morphometias significant for three
morphometric characters HL, OD and TD. The restdtsthe threeS. watermeyeri
populations were similar to the trends found foe Hize-adjusted data. The characters
responsible for variation were very similar excéptthe HL measuremeng§yngnathus
temminckiifrom different locations were morphologically dmt for most character$(

< 0.05) but not for three meristic characters (SDEQR and PFR). The Klein population
was similar to the Swartvlei population for all pbometric characters. The East London
population was different from Knysna (SnL, SnD &@dV) and Kariega (OD) estuaries.
The Swartvlei and Knysna populations were very Isimio each other apart from
differences in SnL, DFB, Trunk and DFR. Comparisansong locations often showed
significant differences among the Kariega, Knysamay Swartvlei populations. The major
differences between these populations were for hwretric data, namely HL, SnL,
OD, TD and DFB. The&. watermeyerpipefish from the Kariega estuary were the most

morphologically different population.

62



3.3.3 Multivariate analysis
3.3.3.1Principal component analysis (PCA)

Sixteen characters were analysed in the PCA (Tal8g Only a few morphometric
characters (HL, SnL and DFB) were significant iplexning phenotypic variation among
groups. About 70% of the total variation associatéti the 14 characters was accounted
for by the first three factors with the first twactors accounting for approximately 63%
of the total variation. DFB had the highest loadargfactor 1 (0.84) while HL and PFR
had the highest loadings on factor 2 (0.84 and,0&%pectively). Factor 2 had a much
smaller eigenvalue (1.36) and only explained 10%thaf variance, while factor 3
(Eigenvalue = 1.06) explained 7% of the variance.

Table 3.8: Factor loadings as a result of the principal congpd analysis of all
specimens analysed for proportional and size-aefjugivkg) data. Marked values

contribute more than 70% to the observed variati@hae significant & < 0.05.

Character Proportional data Size-adjusted data

Factor 1 Factor 2 Factor 1 Factor 2 Factor 3
SL (SnL/HL*) *0.86 *0.16
HL 0.89 -0.07 0.17 0.84 0.21
SnL 0.93 0.0z 0.12 0.75 0.07
SnD -0.01 -0.38 -0.19 0.10 0.66
oD 0.10 -0.14 0.03 0.64 0.52
Iow -0.20 0.10 0.11 0.22 0.78
TD -0.08 -0.60 -0.44 -0.50 0.32
DFB 0.05 0.80 0.84 0.05 0.14
CFL -0.14 0.35 0.60 0.02 0.44
PFR 0.82 0.36 0.44 0.82 0.09
DFR 0.82 0.38 0.57 0.71 0.08
Trunk 0.75 0.31 0.37 0.74 0.14
Tail 0.73 -0.04 0.45 0.58 0.15
SDR1 0.59 0.32 0.55 0.49 0.23
SDR2 0.48 0.71 0.78 0.44 -0.07
SDR 0.64 0.70 0.80 0.54 0.05
Eigenvalue 6.84 1.94 7.46 1.36 1.06
% Variance 37 17 53 10 7

Note: * is for raw and proportional data sets oatyl refers to the ratio of SnL to HL. All other
characters in the proportional data set are thesrat morphometric characters with regard to SL.
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However, factor 3 was disregarded in the scattetspbecause it possessed only one
variable (IOW) with a high factor loading and orgntributed a low proportion to the
observed variance. The highest factor loading (0af8 this factor was for OD. The
resultant scatter plots of factor 1 versus factatsd showed some considerable overlap
between theS. acusand S. temminckiipopulation groups (Figure 3.5). There was no
overlap betweels. watermeyerand any of the two other species groups. The PQ o
correctly classified 90% of the specimens desighasS. temminckji70% of theS. acus
and 100% for those designatedSasvatermeyerilnter versus intra-group distances were
large enough to conclude confidently that thereewtree distinct species groups
represented by the specimens.

Factor 2

& S. temminckii
o S.acuqEurope)
+ S. watermeyeri

Factor 1

Figure 3.5: Factor scores with 95% confidence ellipsoids of P@Athe three species

groups for size-adjusted morphometric characters.

Results for proportional data were slightly difierédrom size-adjusted data, particularly
with regard to the distribution of significant chaters among factors. The two principle

components that were extracted only explained abdéb of the variation among the
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specimens. All meristic characters were respongdslexplaining variation while only
the ratios of three morphometrics (SnL, HL and DRE&)e significant just like for size-
adjusted data. Group distinctions and scatter twtthe different effects were however,
similar those of the other data sets but definedbbth meristic and morphometric
character types. Although PCA analysis distinguistiee three species groups, there was
some overlap in the resultant clusters betweeniseas ofS. acus and S. temminckii
(similar to Figure 3.5). The proportion of specirsecorrectly classified into their
populations was 97% overall, 97% fBrtemminckji68% forS. acugEurope) and 100%

for S. watermeyeri

3.3.3.1.1Effects

There were some differences in population structiure to the biogeographic region of
the specimens @&. temminckiiA scatter plot of the size-adjusted data reveaéathtion
leading to extensive overlap in morphological chtaes between populations of the two
biogeographical regions (Figure 3.6).
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Figure 3.6: Factor scores of PCA with 95% confidence ellipsaddsthe two South
African biogeographic regions &. temminckii.
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Comparisons between the five populatioBs temminckji were not significant, except
between the Swartvlei and Kariega estuaries, whiehe the most morphologically
distinct populations among locations (Figure 3.These estuaries had the highest

percentage of correctly classified pipefish specdsp@bout 80% and 90% respectively.
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Figure 3.7: Factor scores of PCA for the three South Africacalities ofS. temminckii.
Localities are identified as follows: Klei®, Swartvleill, Knysna A, Kariega¥ and

East LondorO. The ellipsis on each graph indicates the specgmpulation.
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However, by comparisonS. watermeyerispecimens from different estuaries were
morphologically more similar tha®. temminckiispecimens from different localities.
PCA could not morphologically distinguish specimé&etween the three locations $f
watermeyeri The PCA revealed that there was no phenotypi@tian due to sex among
the South African Syngnathus specimens examined. This suggests that sexual
dimorphism may not be significant in defining moopggical variation in this genus. The
effect of sexual dimorphism in pipefishes is dueshape rather than size variation as a
result of the presence of the brood pouch in mates the extended trunk in gravid

females.

3.3.3.2Discriminant Analysis (DA)
3.3.3.2.1Proportional and size-adjusted data,{M

Discriminant function analysis on 16 size-adjustadiables showed that the effects of

species group, sex, biogeographical region anditotavere significant® < 0.05) in
discriminating the specimens into distinct groupaio characters (SL, and SDR) were
redundant and therefore not included in the modélere were highly significant
differences in morphological characters among tireet species group$ (= 142.6,
Wilk's A = 0.025,P < 0.05). Partial Wilk's Lambda indicated that craers PFR, Talil,
SDR2, Trunk and DFR contributed most to the ovetaitrimination (from first to fifth,
respectively). The characters IOW, SDR1, DFB, CBDQ and SnL contributed least to
the overall discrimination among groups (Table 31%)e smaller the Wilk'&, the lesser
the contribution it makes to the discriminationvibe¢n species groups. Therefore, this
analysis suggested that meristic characters arents important variables responsible
for discrimination amongst the three species grodpee first discriminant function
discriminated mostly betweef. watermeyerand the other two groups. The canonical
mean forS. watermeyenvas quite different from that &. acusand S. temminckiiThe
second discriminant function distinguished mos#ymeen specimens of the Europ&an
acus from the two South African species groups. HowguwbBe magnitude of this
discrimination was much smaller than that of thistffunction and it accounted for less

of the observed morphological variation.
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Table 3.9: Discriminant function analysis summary for morggital differences
between the three species groups using size-adjdst@. Variables in model: 13; n =
366; Wilk's Lambda: 0.025; (26,702) = 142.60; and < 0.05.

Character Wilk's.  Partialh,. F-remove P-level Tolerance Rootl Root2
PFR1 0.054 0.47 201.14 0.000 0.98 -0.77 0.14
Tail 0.049 0.51 166.33 0.000 0.61 0.14 -1.03
SDR2 0.029 0.88 23.64 0.000 0.53 -0.20 0.50
Trunk 0.029 0.86 28.05 0.000 0.71 -0.34 0.34
DFR 0.030 0.84 32.45 0.000 0.68 -0.26 -0.48
HL 0.030 0.85 30.28 0.000 0.55 -0.31 -0.49
TD 0.027 0.92 14.17 0.000 0.72 -0.02 -0.37
IOW 0.026 0.96 7.05 0.001 0.83 -0.05 -0.24
SDR1 0.026 0.97 6.20 0.002 0.82 -0.21 -0.05
DFB 0.026 0.97 6.11 0.002 0.63 0.05 0.26
CFL 0.026 0.98 4,31 0.014 0.80 -0.18 -0.04
oD 0.026 0.98 3.07 0.048 0.82 -0.04 0.16
SnL 0.026 0.99 2.12 0.121 0.57 0.02 0.17
Eigenvalue 9.14 2.89
Cum. Prop. 0.76 1.00
Canonical means

S. temminckii -1.07 1.02
S. acugEurope) -1.12 -3.19
S. watermeyeri 8.36 -0.03

Note: Values in bold indicate species groups thatr@sponsible for the discrimination.

The scatter plot of the two discriminant functiofiSgure 3.8) confirms the above
interpretation and shows the three distinct spegieaps. In the figure, specimens &f
watermeyericluster together and are plotted in isolation. sThilne first discriminant
function mostly discriminates this group from theotS. acusgroups. The second
function shows evidence for discrimination betweabe S. acusand S. temminckii
specimens. However, the discrimination is not airtit as that provided by the first
function. Although, the effect of the “sex” was @lsignificant, the analysis summary
revealed that only two characters (TD and SDR1)ewsignificantly different among
males and females (Appendix VII). The effect of d®ographic regions on
morphological variation was also significant as ydapons of S. temminckiiwere
morphologically different from each other (Appendid). The discrimination between

these two biogeographic regions was based on difters in SnL, OD, IOW, and TD.
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Figure 3.8: Canonical scores with 95% confidence ellipsoid®Afon the three species

groups for size-adjusted morphometric characters.

Table 3.1Q0 The classification matrix for the observed dfgsations according to DA
for the effects of species, sex, biogeographiggibres §. temminckjj and localities o8.

temminckiiandS. watermeyein morphological variation using size-adjustedcadat

Effect Group n Percent correct in cluster
Size adjusted
Species group S. temminckii 250 97.30
S. acugEurope) 77 97.40
S. watermeyeri 42 100.00
Sex Female 95 75.26
Male 79 71.43
Biogeographical region Eastern Cape 96 96.67
(S. temmincKji Western Cape 161 93.75
Locality - S. temminckii East London 15 27.27
Kariega 82 100.00
Knysna 34 75.76
Swartvlei 110 86.36
Klein 10 30.00
Locality - S. watermeyeri Bushmans 8 87.50
Kariega 8 62.50
Kleinemonde 26 92.30
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There were some morphological differences in theufadion structure of. temminckii
due to the locations of the specimeks=12.1, Wilk'sh = 0.13,P < 0.05). The partial
Wilk’'s A indicated that the characters SnL and DFB cortetbumost to the overall
discrimination (Table 3.11). All other charactemsugh significant contributed very little
to the differentiation explained by the discrimihdanction. The analysis extracted 4
discriminant functions that were mainly defined magrphometric characters, except for

function 3, which was dependant on meristic charadPFR and Trunk).

Table 3.11: Discriminant function analysis summary for morgigtal differences
between the localities &. temminckiusing size-adjusted data. Variables in moti2}:n
= 228; Wilk's Lambda: 0.1 (48,818) =12.06; ang < 0.05.

Character Wilk's. PartialA. F-removeP-level Tolerance Roots
1 2 3 4

SnL 0.140 0.91 5.20 0.001 0.32 0.28 -0.64 0.00 -0.70
oD 0.177 0.72 20.74 0.000 0.91 0.40 0.67 0.13 -0.01
IOW 0.150 0.85 9.60 0.000 0.78 -0.44 -0.22 -0.17 0.59
DFR 0.136 0.94 3.70 0.006 0.82 -0.01 -0.20 0.41 0.56
Trunk 0.139 0.92 4.63 0.001 0.78 0.10 -0.05 -0.71 -0.02
PFR 0.137 0.93 4.09 0.003 0.98 0.05 0.10 0.59 -0.12
TD 0.134 0.95 2.86 0.025 0.82 -0.26 0.14 0.10 -0.24
DFB 0.140 0.91 5.18 0.001 0.72 -0.21 -0.39 -0.00 -0.53
HL 0.136 0.93 3.76 0.006 0.30 0.46 0.35 0.04 0.463
Tail 0.131 0.97 1.56 0.185 0.75 0.11 -0.17 0.25 0.23
CFL 0.130 0.98 1.13 0.343 0.87 -0.12 0.11 0.08 -0.26
SDR 0.130 0.98 1.12 0.348 0.70 -0.07 0.18 0.20 0.20
Eigenvalue 225 0.77 0.23 0.11
Cumulative prop. 0.67 0.90 0.97 1.00
Canonical means

Klein -1.60 0.47 -2.08 -0.32
Swartvlei -1.12 0.65 0.24 0.01
Knysna -1.12 -1.83 -0.03 0.31
Kariega 2.01 0.10 -0.07 0.09
East London 0.45 -1.24 0.40 -1.27

Note: Values in bold indicate thecationsthat are responsible for the discrimination.
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These results imply that the observed morphologiitierences among geographical
areas were mainly due to the larger values of 3B and IOW of the East Coast
specimens. The Kariega population was the mostindistgrouping with 100 %
reclassification. The Knysna population had 76%rexir reclassifications respectively.
High reclassifications for these populations suggésit these estuaries could be
responsible for distinguishing the West coast boggaphic regiorof the South African
S. temminckiipopulation from the East coast. Since the numlbandividuals in the
overlap region among the estuaries shows the dejneatedness among the estuaries,
it would appear that the Kariega and East Londowel as the Klein and Knysna
population groups seem to define two different gsowf morphologically similar
populations (Figure 3.9).

N
0
> a
)
x -1
-2
’ + Klein
3 :;i" * o Swartvlei
A
* Knysnha
-4 & Kariega
I < [East London
-4 -2 0 2 4 6
Root 1

Figure 3.9: Canonical scores with 95% ellipsoids (---Swartvlei-Kariega and
---Knysna) of selected localities db. temminckiifor size-adjusted morphometric
characters.
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Locations ofS. watermeyerwere morphologically different from each oth&r=£ 4.22,
Wilk's A = 0.24,P < 0.05) for the analysed characters. The threatilmas of this species
were mainly differentiated from each other on thasi® of morphometric characters
(Table 3.12). Partial Wilk's Lambda indicated thvariables DFB and OD contributed
most to the discriminant function model for theeeff of location. Although SnL, SDR
and HL were included in the model they contribulieite to the discrimination among
population groups of. watermeyeriThe first discriminant function discriminated the
Bushmans estuary specimens from the other twoitymat This function was mainly
defined by differences in DFB, SnL, SDR and HL. T§exond discriminant function
distinguished between Kariega and the two otheragsts by a much smaller magnitude
and is explained by difference in OD and IOW (FeyBr10). The canonical mean for the
Kariega population in this second function was siggently different from that of the

other population groups.

Table 3.12: Discriminant function analysis summary for morgigtal differences
between the three locations 8f watermeyerusing size-adjusted data. Variables in
model = 8; n = 42; Wilk’'s Lambda: 0.24; apprd.(16,64) = 4.22; an@ < 0.05.

Character Wilk's.  Partialk.  F-remove P-level Tolerance RootRoot 2
oD 0.310 0.76 493 0.014 0.72 -0.27 -0.85
DFB 0.433 0.55 13.26 0.000 0.54 -1.17 0.07
HL 0.285 0.83 3.22 0.053 0.62 0.60 -0.36
SDR 0.319 0.74 5,57 0.008 0.76 0.66 0.43
SnL 0.312 0.76 5.04 0.012 0.59 0.78 0.32
PFR1 0.270 0.88 222 0.125 0.73 -0.52 0.04
IowW 0.263 0.90 1.74 0.191 0.80 -0.13 0.54
CFL 0.255 0.93 1.21 0.311 0.78 -0.35 -0.20
Eigenvalue 1.58 0.64
Cumulative prop. 0.71 1.00
Canonical means

Bushmans 2.37 0.50
Kariega 0.20 -1.58
Kleinemonde -0.79 0.34

Note: Values in bold indicate locations that agpmnsible for the discrimination.
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Figure 3.10: Canonical scores with 95% ellipsoids of the threealities of S.

watermeyerfor size-adjusted morphometric characters.

3.4 Discussion

Morphological analysis of proportional and sizetestipd data sets consistently revealed
the same species group segregations. The dateedifie the variables responsible for the
clustering of groups. The effect of sex on morphoice was significant although the
only important characters were the trunk and baghgth characters. There were no
differences among meristic characters with regarsek for the 95 females and 79 males
that were analysed. Males were significantly largean females for all species and
populations examined. Adult male and femaByngnathuswill have different
morphology due to the presence of the brood poudhe tail of the males while females
will generally have a distended trunk when gravitbwever, this did not affect
discrimination because there was no interactionvéen sex and species, locality or
biogeographical areas. Therefore, it was possibléigtinguish between species groups
without treating sexes separately. It appears et did not bias the results when

analysing morphological variation among these gecfSyngnathus.
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3.4.1. Species groups

Both types of analyses (univariate and multivajist@pported the hypothesis that the
three species groups are morphologically distimaihfone another. The pectoral fin ray
count was the most discriminating character amdegspecies groups. The PFR count
(6-8) segregated the specimensSofwatermeyerirom the twoS. acusspecies groups
(11-14). Consequently, specimensSfwatermeyerivere the easiest to identify when
comparing groups. Other morphological differencesenseen in the measurements of
head characters as well as body rings. Head lestgahacters (SnL and HL) accounted
for much of the differences between groups and cccaed used for separating the
Europearts. acugpopulation from the South African specimens (T&b. Though most
of the characters positively correlated with Sle temoval of the size factor by the ratio
method and normalization techniques did not greetiignge the trends observed in the
results. The only difference in the results of @iéint treatments of the data sets was in
the importance of different characters distinguighgroups. The characters responsible
for variation or discrimination did not change whemmparing species groups, sexes,
biogeographical regions or localities. Accordinghese results, size is a major factor of
variation among these species groups. This is unqrising asS. watermeyernis a very
small species, while the European specimer$. aicusvere significantly larger for most
morphometric characters than the South African ispets ofSyngnathusAlthough the
data sets were adjusted for proportions, it appehad the relationships among
morphological characters and their proportion te #andard length are important in

segregating species.

Based on all morphological characters exami&dyatermeyenvas the most divergent
group. There was no overlap in the scatterploth@fPCA or DA analyses between this
species and the tw&. acusgroupings. Compared to th®. acuspopulations,S.
watermeyerihad a shorter snout, a lower number of fin rayxtpal and dorsal) and
body rings (trunk and tail) or sub-dorsal rings.likin the otherS. acuspopulationsS.
watermeyeridoes not seem to have a coastal or marine populatid is thought to be
primarily estuarine (Whitfield, 1998; Dawson, 198@here is no record of adult or

juvenile specimens of the species in the sea. iRstr of S. watermeyeito the estuarine
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environment could imply that this species has ka@e to diverge more, as it has been
reproductively isolated due to very limited genewflbetween its locations as well as
from other pipefish groups. Generally, marine asti@ine-dependent fish species with
coastal populations will exhibit low genetic vaioet due to a high potential for gene
flow in the ocean environment (Grosberg & Cunnimgh&001). Currents or locations
that fishes are exposed to play an important nolspatial distribution, movement and
isolation of fish species due to their effect orpylation mixing (Rocha-Olivares &
Vetter, 1999). Other processes such as competpi@dation, recruitment, disturbances
and immigration are also important for local-scaksembly of communities and may
affect the distribution of species (Moet al, 2003). The only extant records 6f
watermeyeriare from the East and West Kleinemonde systentsiaress that are
temporary open to the sea (Whitfield, 1998). Thecggs exhibits the attributes generally
ascribed to narrowly distributed species like srhallly size and habitat specificity (Gill
& Kemp, 2002). These attributes may affect disdesigd the colonisation of new areas
by such species. Conversely, widely distributedcigse have larger body sizes, are
habitat generalists and have long dispersal inkeill & Kemp, 2002). These dispersal
intervals relate to ontogeny and determine thetlen§survival of the larvae, juvenile or
adult fish before they get a suitable habitat (Metal, 2003). Dispersal and therefore

population mixing among the estuaries that thiciggeresides in is therefore limited.

However, the rediscovery of a specimenSfwatermeyerin the permanently open
Bushmans estuary could indicate that there is sdmpersal occurring among the
estuaries or that the distribution range of thigepsh species is not yet fully known.
Furthermore, the historical record of the occuresiof the species in three adjacent
estuaries (Kariega, Kasouga and Bushmans) suggeatsthough dispersal 08.
watermeyeriamong estuaries may occur, this could be limitedshorter distances
(compared tcS. temminckji The species is primarily estuarine and will @bly not
survive for long periods in the marine environmg@gaiter, 2000). This pipefish could
have disappeared from the other three estuariesadare increase in the salinity of the
estuaries. Anthropogenic changes to these rivecduding channeling, construction of

dams and altered flow regimes resulted in the meoluof freshwater input into these
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estuaries and affected habitats critical to thdoggoof this species (Whitfield, 1998).
This could have led to an increase in more saliukyrant fishes at the expense of
obligate estuarine species. Timeframe of antropiegevents. Therefores. temminckii
could have expanded its distribution and abundaaicehe expense of the more
freshwater-dependent estuarine pipefish. Unforlpathe life history information for
this species is lacking, and the species is endadges it is presently limited to the East
Kleinemonde estuary. It would be interesting tot té® salinity requirement of the

species in laboratory experiments to verify thipdthesis.

No single character can reliably separate the NAttantic and South Africars. acus
population groups as there was considerable ovarlameristic and morphometric
characters between the two groupings. The overamnge values observed is normal
among syngnathids (Kuiter, 2000; Fritzsche, 1986rattl, 1965) and groups that are
closely related or living in similar habitats. M&ic characters were more effective than
morphometric characters in separating $ieacusand S. temminckipopulations when
large numbers of specimens were includggngnathus acuspecimens from Europe
differ from the South African specimens in havingaverage more dorsal fin rays, trunk
and tail rings and subdorsal rings (Table 3.4). [Ho& of effective utility of the selected
characters is due to the reported morphologicailaiity among different species of
SyngnathugDawson, 1986; Vincent, 1995; Kuiter, 2000; Teskal.,2003). However,
South African and Europeans populations were mdogtally different and
segregation by visually comparing their appearanp®ssible as the one species is larger
with an angle in the head (Kuiter, 2000). The specis can also be easily segregated
based on locality data. Although there are somdlagiies betweenS. acusand S.
temminckij the differences observed between them have ttemipal to allow for species

discrimination.

The disjunct distribution pattern of North-Eastéthantic and South African populations
supports the recognition &. temminckias different from the Europe&h acus These
two populations are geographically isolated froncheather. There are no confirmed

records ofS. acusin the tropics between Walvis Bay in Namibia andrivtco (Rabat)
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suggesting the possibility of two different speciksvas also interesting to note that the
morphological measurements of the holotyp& chcusvere similar and within the range
of the Europears. acusspecimens (Appendix V), while the syntypesSoftemminckii
had measurements within the range of the Soutlc#&idrspecimens. Though one could
argue thasS. acudisplays an anti-tropical species distributiore thfferences observed
among the specimens were large enough to refugetigsibility. The magnitude of the
phenotypic variation observed suggests that theaulpipns have been reproductively
isolated from each other and that geographicalra@pa could account for this. Large
spatial distances among populations may affect flemeand expose fishes to different
environmental conditions (Jonet al, 2003; Chenowetlet al, 2002; Wilsonet al,
2001). Temperature could play a role in this phgoiot differentiation as European
waters are characterised by lower temperaturesigndficantly higher levels of nutrient
resource composition as opposed to our South Afngaters (Garibaldi & Limongelli,
2002). Fishes from cooler water European areasgarerally larger as opposed to
populations in the warmer Indian Ocean. For examgecies distributed over broad
geographic ranges often exhibit thermal clinesadybsize, with the majority of species

exhibiting larger adult size in colder environmeffiagillettaet al, 2004).

The time of the separation between these popukationld not be determined from these
results. While small differences among populatiomsy take place over hundreds of
years, studies on North American freshwater fishegest that species level differences
can take place over at least ten thousands of yBalmeffer & Cavender, 1986). Further
studies on these specimens using genetics shosldearthis question. However, the

results of this morphological analysis demonsttatd there is enough morphological

evidence to suggest that the South African popraturrently known a$S. acusmay be

a different species than the European populations.

3.4.2 Locality
There were some differences in morphology amoniyihgals of South African species
of Syngnathuamong the locations examined. These differences wainly among the

morphometric characters HL and SnL. Differencesnorphology among locations are
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common and have been observed among various festiesp(O'Reilly & Horn, 2004;
Langerhan®t al, 2003; Swain & Foote, 1999). Most locations inahgdthose that were
geographically closest to each other were sigmitigadifferent from each other in some
characters. The mosaic of environments on the Safriban coastline, combined with
dispersal and differential adaptation may explame of the differences among South
African localities. This is more so fdB. temminckji which is widely distributed in
various habitats in permanently and temporarilynopstuarine systems, as well as in
coastal bay and reed bed areas. The environmeattdré or local habitats and the
species tolerances of these factors are criticgeimerating variation as they may either
promote or limit gene flow and hence population imgx (Turan, 2004). Therefore,
morphological variation observed within each speaeuld merely be a reflection of
environmentally induced differences. Furthermadne,dnalyses revealed variation among
specimens from different localities in morphologdicharacters such as trunk depth, head
length, snout depth and snout length that are kndwvrvary with environmental
conditions (O'Reilly & Horn, 2004; Tzeng & Yeh, 200Chernoff, 1982; Barlow, 1961).
Many fishes exhibit temperature-related variationnneristic data (Jgrgensest al,
2005). Meristic traits are generally set early mogeny and remain stable throughout the
life of an individual. Lower meristic data in warmeaters are due to the more rapid

development at these temperatures (Jgrgestsain 2005; Tzeng & Yeh, 2004).

Therefore, the environmental conditions prevailiag) the critical stage in the
development of an individual are important in dgfgh morphology. Phenotypic
plasticity is common and has been observed in ak¥ershwater and marine species
with widespread populations for exampléenidia beryllina, a freshwater atherinid
(Chernoff et al, 1981), and the Atlantic herrinGlupea harengugJgrgenseret al,
2005). Although morphological divergence in bodgesiamong populations is not
uncommon (Angillettaet al, 2004; Partridge & Coyne, 1997), phenotypic ptatstiis
likely to be a major contributor to location difégrces. It appears that species of
Syngnathusn South Africa may exhibit phenotypic plasticag an adaptive response to
divergent selection pressures. It would be intergsto determine whether these

differences are also due to genetic divergence.
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The magnitude of morphological divergence observetiveen samples from different
localities tended to increase with increasing spatistance. For example, the East
London and Kariega locations which are closer tcheather (< 150km) and had
specimens that were very similar morphologicallyiles the Kariega and Swartvlei (>
450km) were more dissimilar. Various studies hahews that the magnitude of
morphological divergence among population groupsreiases with increasing
geographical distance (O'Reilly & Horn, 2004; Tyr&®©04; Quilichiniet al, 2004;
Lutjeharmset al, 2003; Lydeardet al, 1995). Geographical distance is important for
variation because it has a great influence on spatispersal and therefore gene flow and
population mixing (Gill & Kemp, 2002). The exchanigetween individuals in different
environments increases the potential for adaptatiorthese different habitats and
evolution of populations as independent biologieatities (Turan, 2004). Generally,
geographic groups are allopatric populations inower degrees of speciation. Complete
or partial allopatry of populations usually precedspeciation and the level of
morphological divergence between populations caicate the evolutionary stage they
are at. It is therefore hypothesized that the Sédtican population ofs. temminckilike
most wide spread species exhibits phenotypic pisiossibly because there has been

geographic isolation within this population.

There was also a pattern of association betv&demminckifrom the Klein, Swartvlei
and Knysna estuaries, which are all temporary gystems. These pipefish were clearly
similar to each other in size and slightly smallean specimens from the other two
localities. This could indicate that environmergahditions are important in phenotypic
variation among pipefishes. Isolation by distancel &nvironmental conditions may
determine the population structureSftemminckiiHowever, it is important to note that
spatial and environmental barriers may not be resciyg the sole mechanism promoting
differentiation among these populations. Genetitatian could be very important in this
morphological divergence though it could not bergifi@d using this data set. Recent
research favors a combination of genetics and nobdogly when using phenotypic

diversity to distinguish species as morphologiteracters can be very plastic.
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3.4.3 Biogeographical regions in South Africa

PCA and DA results revealed that there was popmurastructuring between the two
selected biogeographical regions (East and We$&) tdmminckiiMost separation in the
scatterplots of the PCA was clustered within thestfifactor, although there was
considerable overlap between the two regions. Towerendividuals ofS. temminckiin
Southern African waters exhibit unique phenotygirtilautes that can be distinguished
among regions. The general assumption among résrartias been that widespread
estuarine-dependent species exhibit little genetiation throughout their geographical
range (Moraet al, 2003; Gill & Kemp, 2002; Grosberg & Cunninghan®02). This is
perhaps largely because of the high gene flow pi@lem the continuous ocean
environment that can lead to high population mixafigndividuals from geographically
distant regions (Morat al, 2003).

Although S. temminckiis distributed throughout the South African cdastl dispersal of
pipefish between the East and West coast may lected due to the oceanographic
peculiarities in the area near Port Elizabeth whmeplex circulation occurs as the
Agulhas current leaves the coast following the fshetak (Turpieet al, 2000; Beckley
& Van Ballegooyen, 1992; Beckley, 1988). A comptasculation pattern of cold water
eddies, intrusions and large offshore meanderfi@fAgulhas Current all occur at this
location with several gyre-like patterns (Lutjeharn2005; Lutjeharmet al, 2003;
Olivar & Beckley, 1994; Shillington, 1986). Wind#den currents interact with the
Agulhas Current, such that surface waters in thesteve part tend to drift to the
northwest while there is often a clockwise movenwmwater on shore and to the east in
the eastern part of the region (Turge al, 2000; Lutjeharmset al., 2003). These
vigorous upwelling events induced by winds or thgukas Current introduce cold
conditions that may interfere with the movemenjueknile and adult pipefish (Olivar &
Beckley, 1994; Beckley & Van Ballegooyen, 1992;|8igton, 1986). They may place
constraints on the reproductive strategies empldyyed wide variety of fish species and
most likely theSyngnathughat inhabit these diverse shores (Hutchiegsl., 2002).
These mechanisms may retain eggs, larvae or jwseofl fish species onto the Agulhas

bank or displace them far offshore. A sufficientgd= of prolonged post-larval

80



separation among geographical areas may resultoiable phenotypic and genetic
differentiation among fish populations within a sjgs (Turan, 2004) as could be seen
with South African specimens d&. temminckii The west coast of South Africa is
influenced by north drifting cold water. Events wbwelling take place when surface
water is blown offshore and cold deep water moweshe surface near the coast
(Shillington, 1986). Warm temperate estuaries draracterised by high salinities and
low turbidities due to low rainfall and runoff, ligeawater input and evaporative loss,
while cold temperate, and especially subtropicatuaies have lower salinities and

higher turbidity, due to relatively high runoff (Heson, 2004).

3.4.4 Conclusions

Studies of phenotypic variation play a very impottaole in species identification.
Phenotypic characters, like standard length, stemgth and pectoral fin ray counts can
be related to genetic or environmental effects amdsubject to selection pressure. The
challenge for taxonomic studies is to determine ¢hase of the observed variation
among populations. This is because genotype andhopype variation proceed at
different rates and may have different causes affiereht effects (Wiens, 2001). The
observed morphological patterns among species growgexes, localities and
biogeographical regions are likely to be a restit mixture of genotypic and phenotypic
variation. Some morphological differences could I@e result of short-term
environmentally induced phenotypic variation (Beggal, 1999a). However, these
morphological analyses provide an insight intodierences between the South African
pipefish species dbyngnathusThe data indicate that South Afric&yngnathuspecies
have diverged considerably in body morphology. Tédent of differentiation is
illustrated by the scatterplots of the PCA and CiASouth AfricanSyngnathusn which
there is no overlap of individuals betweBnwatermeyerandS. temminckiiSpecimens
of the South Africar. temminckispecies group are phenotypically more similar ® th
geographically distant population group of Europ&nacusthan toS. watermeyeri
Furthermore, the South Africa population groupSofacus(includingS. temminckiand

S. delalandiisyntypes) is morphologically distinct from the sjpeens from Europe.

Recognition of the South Africai. acusspecies group as a distinct species is supported
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by these results. The South Afric& acuspopulation should be referred to &s

temminckij Kaup 1856.
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Chapter Four
Molecular phylogeny of South African pipefish of tke genus Syngnathus using
cytochromeb sequences of mitochondrial DNA

4.1 Introduction

The phylogenetic pathways of evolutionary changeanous teleost fish taxa have been
investigated extensively using morphological chemastates (Bell & Foster, 1994).
Although the relationships among various speciese hbeen resolved with these
methods, the data often provide insufficient infatibn to resolve more complex
phylogenetic relationships. Similarly, the morplpéal characters used in pipefish
taxonomy are generally highly conserved and maytome to convergence, and too
similar among taxa such that phylogenetic resatutgdifficult (Kuiter, 2000; Wiens,
2000; Herald, 1959). Molecular systematic methddsdfore offer other approaches to
compare levels of genetic divergence between taita f@w phenotypic differences
(Stepien & Rosenblatt, 1996). It is possible toemngvolutionary mechanisms and
relationships of all types of organisms from gehglpgenies constructed with molecular
data (Wiens, 2000; Berminghaah al., 1997; Bernardi, 1997). This is because molecular
biology has shifted the analysis of mutations frioitirect, phenotypic inferences to the

direct characterization of mutations by DNA sequeacalysis (Meyer, 1993).

Although many studies have been carried out on dpgtematics of the family
Syngnathidae, estimations of the general phylogenthe family has not been done.
Taxonomic knowledge within the family is therefocensidered incomplete (Kuiter,
2000; Dawson, 1985), and revisions are on-going€get al.,2004; Wilsoret al, 2003;
Kuiter, 2001; Lourieet al., 1999). Molecular phylogenies of the family (Wilsehal,
2003) and genera have only appeared quite rec€hgiskeet al, 2005; Teskeet al,
2004; Caseyet al, 2004; Jone®t al, 2003; Wilsonet al, 2001; Lourieet al, 1999).
However, most of these studies have concentratedeahorse speciddippocampus.
Other genera likeSyngnathusand most of the species in the family still needbe

studied. Wilsonet als (2003) study showed good within-pouch-type rasoh
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suggesting that most genera were monophyletic wetpards to pouch type. Their
analyses also supported the monophyly of the Unoghail brooding) and Gastrophori

(abdominal brooding) groups of syngnathid fisheggested by Herald (1959).

However, there were low levels of phylogenetic haison of basal relationships between
pouch types such that there is still uncertaintgutlthe phylogenetic placement and
taxonomic relationships of genera in the family @ et al, 2003; Kuiter, 2001). It has

been suggested that the unresolved generic rethifps within the family may reflect a

period of rapid diversification (Jones al, 2003; Wilsonret al, 2003; Lourieet al, 1999).

Recent molecular systematic investigations usinehbndrial 16S and 12S RNA, and
cytochromeb sequences have suggested tHgipocampusand Syngnathusare sister-
taxa and the more derived genera of Syngnathidéieegishave the most advanced types
of enclosed brood pouches (Wilsat al, 2001). This result contradicts traditional
morphological revisions by Herald (1959) and Kuit€2000) that have placed
Hippocampusn the subfamily Hippocampinae with three othestesi genera of pygmy
pipehorses. It was stated that most of the chasaased in Herald’s (1959) analysis have
multiple independent origins in Syngnathidae aretdfore may have confounded these
previous attempts to identify the ancestors of sessds. However, the work of Wilsan

al. (2001) does not include any species from therdtiygpocampinaeyenera to test this
hypothesis. Although the three gene fragments gdealrigood generic resolution there
were low levels of phylogenetic resolution of basdtionships between genera for each
gene fragment. Therefore, the reliability of thepbthesized relationship between
Hippocampusaind Syngnathusilso needs testing. Morphological treatments effémily
(Kuiter, 2000; Dawson, 1985; Herald, 1959) havegested that the gen@yngnathuss
part of the subfamily Syngnathinae and thus coelanore closely related to the other 41
genera that are part of this group than possibh\Higgpocampus Therefore, taxon
relationships among genera in Syngnathidae atestitentious and selection of suitable
outgroups forSyngnathuss not clear. Further re-examinations of pouch teeent

and/or taxonomic revision of the family may sté hecessary.
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However these molecular systematic investigatioagsehhelped to elucidate some
relationships withinSyngnathugWilson et al, 2003 and 2001). Thegesults clearly
separated European and western Atlantic specieslamdnstrated a close relationship
between eastern pacific, Atlantic Ocean and a wc$jundo-Pacific lineage. However,
like most of the morphological and genetic studiest have been done on the genus
(Gordinaet al, 1991, Fritzsche, 1981; Herald, 1941), this stadgluded the two South
African species. Since it has been suggested impt€hdhree that the South African
population ofS. temminckii(formally known asS. acu} is different morphologically
from EuropearS. acusthe genetic relationship between these two spaweds to be
established. It is necessary to establish whetieobserved morphological differences
are genetic or merely a consequence of the spgeiegraphical distributions. Genetic
differences are sometimes not always detected, @verases where morphological
differences exist among fish species (Turner, 198@ise & Aquadro, 1982). For
example in ciscoes, a single nucleotide differewas found between morphologically
distinct individuals ofCoregonus artedandC. zenithicusrom Lake Nipigon (Reeet
al., 1998). This is because closely related speciaessbaw significant divergence in
morphology when species differences are due to nmobogical adaptation or if the
species being studied have not been separated ltorgaperiod of time (Kornfield &
Parker 1997). Although derived diagnostic characteay be of taxonomic utility, they
are phylogenetically uninformative if they are aamorphic (Kornfield & Parker,
1997). Furthermore, there is a need to clarify plecement ofS. watermeyerivithin
Syngnathuglue to its lower pectoral fin ray count comparedhe other species in the

genus (Dawson 1985).

4.1.1 Selection of DNA region for analysis

The cytochromé gene of mitochondrial DNA was chosen for this gtbdcause it is the
most frequently used region for the study of evohary relationships among vertebrates
(Kocheret al, 1985). It has proven useful in phylogenetic staidiévarious fish species
for example, syngnathids (Teske al, 2004; Caseyet al, 2004; Wilsonet al., 2003;
Lourie et al., 1999), cyprinids (Tsigenopoulcet al, 2003; Liu, 2002; Duranet al,
2002; Echelle & Dowling, 1992; Smous al, 1991), and various other fish groups
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(Behrmann-Godett al, 2004; Knaperet al, 2003; Borsa, 2002; Sullivaet al, 2000;
Songet al, 1998). The phylogenetic relationships establisbéidn describe species
evolutionary histories and the historical relatioips among species or genera (Grosberg
& Cunningham, 2001; Echellet al, 2000; Garciat al, 2000). Species phylogenies are
important in that they not only reflect relatiorshibetween species and within taxon
groupings, but may also define the limits of whanhstitutes a species (Goldstenal.,
2000). These limits or boundaries of a phylogeng arucial for taxonomy as
phylogenetic studies in which the cytochrommegene has been used have led to the
proposition of new classification schemes that hbhe#er reflected the phylogenetic
relationships among the species studied (Wiens4;2@astresana, 2001). Character-
based methods have been typically used within thmdwork of a variety of species
concepts to operationally delimit species boundari@/iens, 2004; Hillis, 1987).
Incorporating mtDNA data could be useful, as a ladkdiagnostic morphological
characters has hindered the establishment taxondmoinmdaries in reconstructing
phylogenies of closely related species 8$fngnathus.Therefore, cytochromeb
phylogenies could help in the genus assignmentewafiynidentified species (Brionest

al., 2005; Brandstatteet al, 2005; Fariaset al, 2005; Yokoyamaet al, 2001;
Castresana, 2001; Hillis, 1987).

The usefulness of a given gene in addressing pbyglketis questions depends on various
factors, among which is the rate of evolution dttgene (Stepien & Kocher, 1997). For
example, very slowly evolving highly constrainedhge have been shown to be useful for
reconstructing very old phylogenies (Bermingheival., 1997; Bernardi, 1997; Lydeard
& Roe, 1997). The cytochrontegene is often popular in phylogenetic analyseabse
the dynamics and rules of substitution for thist@irecoding gene are somewhat clearer
than in other mtDNA regions like tRNA and rRNA regs whose secondary structures
may make the alignment process very difficult (MeyE993). Like all genetic data,
cytochromeb contains discrete character states, which canb#xbariable rates of
mutation (ranging from rapid to conservative) makit useful for phylogenetic
hypotheses for a wide range of divergences witma {Songet al, 1998).
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However, various problems have been encounterech wiséng cytochromeb gene
sequences and other mitochondrial genes as phytgemarkers (Yodeet al, 1996;
Meyer 1994; Graybeal 1993). These include base ositipnal biases, rate variation
between lineages, limited variation in the firstaecond codon position and saturation
at third codon positions (Kocher & Carleton, 199Wteyer, 1993). Generally,
substitutions at third positions of protein codnegions accumulate quickly and become
saturated (Kocher & Carleton, 1997). This saturateffect affects the amount of
phylogenetic information available for resolvinge&p” evolutionary questions and the
number of informative sites for the third codon igoa for population level studies
(Meyer, 1994). This transitional bias appears torese while transversions become
more apparent with increasing sequence divergendetiene since common ancestry
(Meyer, 1993). However, studies of closely relaspecies will not be as affected by
multiple substitutions and should provide a googresentation of evolutionary history
(Meyer, 1993). Despite these issues, the cytochrbmegion is still popular as a
phylogenetic tool and has been more widely used tther mitochondrial genes. The
advantages of abundant comparative sequence dataediicharacterized gene function
and protein structure therefore enhance its utifity evolutionary investigations
(Bernardi, 1997; Yodeet al, 1996).

It is important to note that the phylogenetic higtof specific gene lineages (gene trees)
can differ in topology and will not always reflethe phylogenetic history of the
populations in which those gene trees are beindiedu(Degnan & Rosenburg, 2006).
This is because the lineage sorting process ishastic and largely independent at
different genetic loci, such that gene trees derivem different loci may be incongruent
(John & Avise, 1998). Hybridization, introgressioselection and incomplete lineage
sorting can differ among interspecific gene phyloge (Degnan & Rosenburg, 2006;
Nichols, 2001). Thus, within a species, many iiated gene trees can be found, one for
each non-recombined locus in the genome. While tetmpgenome sequences have
enormous potential for addressing phylogeneticeissiheir utility for reconstructing
phylogeny is initially quite limited due to the rggement of thorough taxon sampling

within a clade for accurate reconstruction of plygieies (Leraet al, 2003). However,
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gene trees not only can provide evidence for garm@iaiation events but can in some
cases also reflect speciation events (Maddison7)19chis occurs if the time intervals
between species-branching events are much grdaer the time intervals between
lineage sorting events in each species, suchhlibagene and species trees are likely to be
concurrent (Leragt al, 2003; Rosenberg & Nordborg, 2002; Nichols, 2001).

Although Syngnathusvith some of the most developed male broodingcires in the
Syngnathidae is the largest genus with 32 valictisge no studies have looked at the
phylogeny of the two South African species (Lowiel., 1999; Dawson, 1985; Herald,
1959). The genus is widely distributed in the AtiarOcean with few species in the
Pacific and Indian Oceans (Dawson, 19&)ngnathusas been especially successful at
achieving wide geographic distributions (Kuiterp20Lourieet al. 1999; Dawson 1985),
indicating that the long-distance dispersal cajighbih this genera may be higher than
that of other members of the Syngnathidae. Theegfaoth vicariance and dispersal may
need to be considered to explain current distrimgtiof the species of the genus. It will
be essential to realize that dispersal has two ooemts: the ability to move and the
ability to become established. Biogeographical gadealogical data will be useful in
providing insight on the origin and diversity 8yngnathusand the two South African
species. The objective of this chapter is to esthlthe phylogenetic placement of the
South African speciesS. temminckiiand S. watermeyeriwithin the phylogeny of
Syngnathususing cytochroméb sequences. The overall aim of the chapter is tbus t

examine the systematic status of South Africanisgeaf Syngnathus

4.2 Materials and methods

4.2.1 Sample collection

Specimens of. temminckiand S. watermeyenwere obtained using a two-metre seine
net from various estuaries along the Southern africoastline (Figure 4.1 and Table
4.1). However, specimens db. watermeyeriwere only available from the East
Kleinemonde estuary of the Eastern Cape. Specimktise European population &

acus were obtained from the northeastern Atlantic (Dabien Blanchard of the
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Département Ressources Halieutiques - France) aeditdranean Sea (Dr. Argyris
Kallianiotis of the Fisheries Research Institut&reece). Tissues and fin clips were
removed from the tail part of the body from speameaught in the field and preserved

in 99% ethanol.

Table 4.1 Pipefish specimens used for DNA analysis and ebations used in

phylogenetic trees.

Species/ Location GPS Code Region Sea access

S. temminckii

Luderitz Bay 26°65'00"S 1815'00"E LD West coast Open 2
Berg 32°46'10.8"S 1808'44.2"E  BG West coast Permanently open 1
False Bay 34°09'S, 2207'E FB West coast Open 2
Klein 34°25'25.0"S 1918'13.4"E  KE West coast Temporally open 3
Swartvlei 34°01'51.2"S 2247'49.3"E SW  West coast Temporally open 8
Knysna 34°04'38.9"S 2303'33.4"E KN West coast Permanently open 3
Kromme 34°08'27.9"S 2450'36.7"E KR West coast Permanently open 4
Kabeljous 34°00'17.4"S 2456’15.5"E KB West coast Temporally open 1
Sundays 33°43'19.4"S 2850'57.9"E SN East coast Permanently open 1
Kariega 33°40'55.9"S 2641'15.6"E = KA East coast Permanently open 4
Kowie 33°36'11.2"S 26654'10.2"E KO East coast Permanently open 5
West Kleinemonde 33°32'28.2"S 2702'51.7'E WK  East coast Temporally open 2
Great fish 33°29'37.3"S 2708'10.0"E ~ GF East coast Permanently open 4
S. watermeyeri

East Kleinemonde 33°32'21.8"S 2702'55.2"E  EK East coast Temporally open 5
S. acus

Bay of Biscay Not available BB Atlantic Open 5
Thracian Sea Not available TH Mediterranean Open
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Figure 4.1: Map of South Africa showing transitional zoneglod three biogeographical
regions (green) and locations where the speciméi®s temminckiand S. watermeyeri
(East Kleinemonde only) were collected. See Tuepia., (2000) amongst others.

4.2.2 DNA extraction and amplification

DNA was extracted using a DNeasy QIAGEN tissueasting kit (Qiagen, Chatsworth,
CA) and the chelex extraction method (Waéthal., 1991). DNA was digested using
proteinase K and purified by ethanol precipitatidhe amount of DNA extracted was
guantified by running Bl of each extraction on a 1 % agarose gel stainéd @thidium
bromide. A fragment of the cytochronbegene was amplified by the polymerase chain
reaction (PCR) with a combination of three priméFable 4.2). Two of these primers
were designed based on cytochroogequences of other pipefishes and closely related
species deposited in GenBank by searching for iighhserved regions to amplify a
1107 bp sized fragmenfthe other primer (HI16091) was obtained from a gtod
Anabantid species (Roos, 20054). The primer contibimaf SynL and SynH was used
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for the PCR step while SynL and Hcytb were usedsémuencing to generate a sequence
of 820 bp. DNA sequences of the cytochromesgion were amplified using standard
PCR protocolInnis et al, 1988). This was performed using 1#20of DNA in a 50pl
reaction, containing 1 unit dfag DNA polymerase (BIOTAQ), with il of 10x buffer,
0.2mM of each dNTP and of 5mM of a 25mM MgQolution. The amplification
procedure comprised of a denaturation step of uteghat 94C, 35 cycles including
denaturing for 1 minute at 98, 60°C for annealing and 1 minute of extension &2
and a final extension step at°@for 10 minutes. Thermal cycling was performed in
either a Thermo Hybrid PCR Sprint Temperature @gckystem machine or a Corbett
Research PC-960G Micro-plate Gradient thermal cydlee PCR product was purified
using the QIAquick (Qiagen) PCR purification Kitpproximately 0.2 pg of the purified
product was cycle-sequenced in both forward andreevdirections with the ABI Prism
BigDye V3.1 terminator cycle sequencing kit (AppgliBiosystems) with 5 pmol primer
and 2 pl Terminator ready reaction mix. The cy@guencing reaction comprised of 25
cycles at 96C for 10 seconds, 8Q for 5 seconds and 80 for 4 minutes. The Ethanol
and EDTA procedure was used to precipitate theecgelquence product, which was

analysed on an ABI 3100 Genetic Analyaatomated sequencer (Applied Biosystems).

Table 4.2: Primers used for PCR and sequencing reactions ef nitochondrial

cytochromeb region.

Primer name Sequence (5'-3") Direction Length hzees
SynL ATG ACC AAT TTA CGA AAA AC forward 20

SynH GGC TTTATTTTC CGT TCAGC reverse 20

H116091 GTATCATTC TGG TTT GAT GTG reverse 21

4.2.3 Genetic analyses

The reverse and forward sequemteomatogram outputs from the automated sequencer
were assembled using Sequencher 3.1.1 (Gene Codegsor&tion, Ann Arbor,
Michigan), a program for DNA sequence assembling aditing. Sequences were
aligned using clustal W (Thomsoet al., 1994; Chennaet al, 2003) and BioEdit

sequence alignment programs (Hall, 1999) using ullefparameters and verified
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manually. Other sequences of closely related spagithe genus were downloaded from
GenBank and included in the analysis (Table 4.3)idls sequences of different genera
in the family were also included as outgroups teestigate the relationship of
Syngnathuswith other syngnathid genera. These sequences WBppocampus

hippocampus, Hippocampus zosterae,

Hippocampus naibatis, Solegnathus

hardwickii, Doryrhamphus excisus, Doryrhamphus dimphorus, Hippichthys
penicillus, Nerophis ophidion, Corythoichthys haéompéerusand Entelurus aequoreus
Sequences of the stickleback family Gasterostei(faasterosteus aculeatuand

Pungitius pungitius and the flutemouthAulichthys japonicusa member of the family
Aulorhynchidae from the order Gasterosteiformes ewatso downloaded as they

represent a more ancient divergence that is clostdyed to the family Syngnathidae.

Table 4.3:List of species whose GenBank sequences werediedlin the analysis.

Species Collection locality Biogeographical area cdéssion numbers
S. acus Britain, North Wales eastern Atlantic AF356073
S. rostellatus Sweden eastern Atlantic AF356041
S. abaster West Sicily, Italy eastern Atlantic AF356060
S. typhle Sweden /Italy eastern Atlantic AF356059
S. taenionotus Italy eastern Atlantic AF356061
S. floridae Florida, USA western Atlantic AF356069
S. louisianae Florida, USA western Atlantic AF356070
S. scovelli Florida, USA western Atlantic AF356068
S. fuscus Virginia, USA western Atlantic AF356056
S. leptorhynchus Humboldt, USA eastern Pacific AF356064
S. schlegeli Pearl River estuary, China western Pacific AF33605
H. hippocampus unavailable unavailable AF192665
H. zosterae unavailable unavailable AF192706.1
H. abdominalis  unavailable unavailable AF192640.1
D. excisus unavailable unavailable AF356075.1
D. dactyliophorus Philippines eastern Pacific AY787231.1
C. haematopterus unavailable unavailable AY787230.
E. aequoreus Sweden western Atlantic AF356044.1
N. ophidion Sweden western Atlantic AF356043
P. pungitius unavailable unavailable AF356080.1
G. aculeatus unavailable unavailable AY283303
A. japonicus unavailable unavailable AF356080.1
S. hardwickii unavailable unavailable AY 166829
H. penicillus unavailable unavailable AF356053
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4.2.3.1Cytochromeéb sequence variation

Nucleotide composition and bias as well as mtDNAediity were examined using
PAUP* version 4.0b10 (Swofford, 2003). The numbefsvariable sites, parsimony-
informative sites, and base frequencies were alimated. The heterogeneity te€tas
implemented in PAUP* was used to test the null hiypsis of basgequency stationarity
among sequences. The possibility of saturation eesmined by plotting pairwise
numbers of observed changes (transitions and teasisws treated separately) versus
percent sequence divergence (Calculated as nunilgifferences divided by the total
number of nucleotides compared x 100) (Matter)420Meyer, 1993; Nei, 1987).
Saturation occurs when multiple mutational everitsuo at the same nucleotide position
such that they may obscure the correct interpoetadf sequence differences (Meyer,
1993). The amount of sequence saturation is irdefn@m the shape of the trend line,
with a linear relationship indicating that the seqce is unsaturated and non-linear
relationship indicating the presence of saturatidiison et al.,2001; Meyer, 1993).

4.2.4 Phylogenetic analyses
4.2.4.1Parsimony analyses

Parsimony analyses using PAUP* were done for ailable species obyngnathugo
evaluate the phylogeny as well as the placemethetthree study specieS.(acus, S.
temminckii and S. watermeyeyi within this phylogeny. Parsimony analysis was
performed with equally weighted characters usirg lkuristic search algorithm by the
tree-bisection-reconnection (TBR) branch swappirghod and 100 random addition
replicate data sets. All analyses were rooted useguences of other species from the
family Syngnathidae (Table 4.3). This was donedafy whether there is a sister group
relationship betweemlippocampusand Syngnathusas has been previously suggested
(Wilson et al., 2001). Bootstrap analyses (Felsenstein 1985) weréormed on the
parsimony trees with 1000 replications. For allst@ap support results, weak, moderate
and strong support was defined as 50-69, 70-89,98RtI00 percentages, respectively.
Bootstrap analysis is a statistical analysis comynaesed to place confidence intervals
on phylogenies and to test the reliability of clde the evolutionary tree. It is the

probability of obtaining at least the amount ofd®nce in favor of the clade in question if
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that clade exists (Felsenstein, 1985). Althoughstiadistical interpretation of support is
still controversial, most practitioners have usdeé tbootstrap as a measure of
phylogenetic accuracy (Fariat al, 2005; Mattern & McLennan, 2004; Neat al,
2004; Santini & Tyler, 2002; Wilsoet al, 2001; Efroret al,, 1996). Branch support may
also be assessed using the jackknife (Faetisal, 1996) or Bayesian posterior
probabilities (Huelsenbeckt al, 2001; Larget & Simon, 1999). In contrast, Bayesia
analyses estimate the posterior probability of edatlie based on the frequency at which
that clade is resolved among sampled trees ontiersiey log-likelihood values have
been reached (Huelsenbeskal.,2001). It has been empirically observed that tiera
is almost always larger than the former (Cummiegsl., 2003; Wilcoxet al, 2002;
Suzuki et al, 2002; Rannala & Yang, 1996). However, the avé#alatheoretical
arguments for these comparisons are still not emsne because these inferences were
drawn from data using various methods and both Isi@ti and empirical data
(Huelsenbeck & Rannala, 2004; Simmensl, 2004; Douadt al, 2003).

4.2.4.2Maximum Likelihood analysis (ML)
Models of DNA substitution were tested using MODHEST (ver.3.7) (Posada &
Crandall, 1998) in PAUP* to determine the optimaldel of molecular evolution for the

ML phylogenetic analyses. MODELTEST uses a set ofieh selection frameworks:
hierarchical likelihood ratio tests (hLRTs), Akaikdormation criterion (AIC; Akaike,
1973), and Bayesian information criterion (BIC) $Bda & Buckley, 2004; Posada &
Crandall, 1998). Using distance/likelihood optidmth the gamma shape parameter and
transition-transversion (Ti/Tv) ratio were inteligety generated. The estimated
likelihood scores and parameters were then ust#tisubsequent ML analysis. However
it has been suggested that the hLRT, is not thenaptstrategy for model selection in
phylogenetics, and that approaches like the AIC Bhd methods offer important
advantages (Sullivan & Joyce, 2005). We evaluatedfit of these models to the data
using the Akaike information criterion (AIC) becauhe AIC allows non-nested models
to be ranked and compared and facilitates theifitatton of groups of models that have
similar fits to the data (Burnham and Anderson, 8 ®uckley & Cunningham, 2004).
The popular Akaike's criterion is defined as: Ale{L) + 2k, where L is the

94



(maximum) likelihood, and k the number of parametarcertain model of interest. The

model minimizing AIC optimizes the trade-off betweft and parameter number. The
model favored is that model with the lowest AIC |(8an & Joyce, 2005). The best

substitution/rate variation model and its respectivodel was used to search for the ML
tree using a heuristic search, TBR andd@dom addition replicate data sets in PAUP*.
Clade support was evaluated for the ML analysisugh bootstrapping with the chosen
model of sequence evolution. This was through therigtic search mode and TBR
branch swapping with 1000 replicates.

4.2.4.3Bayesian Inference (BI)

Bayesian analyses were performed using MrBayesBv3Ronquist & Huelsenbeck,
2003) and were initiated from random starting tréesur Monte Carlo Markov chains
(MCMC) were run for 1,000,000 generations. A longeain was also run to ensure that
stationary was reached by the 1,000,000 generafius.was to ensure that the algorithm
was appropriate to provide convergence in the esiims of the tree topology with the
best posterior probability, branch lengths, theapaater values of DNA substitution
models and posterior probability estimates of nedpport (Ronquist & Huelsenbeck,
2003; Neatt al,2004). Trees were sampled every 100 generatiopelt 10,001 trees.
Examination of the maximum likelihood scores foriaaon identified that the burnin
(stationary chain state) was reached by the 26‘,0§lﬁheration. In order to obtain
posterior probability values, a 50% majority rulensensus tree was constructed using
PAUP* from 95% of these trees after discarding g@@s as burnin. To ensure that the
Markov chain was sampling from the posterior duttion, this procedure was repeated
two more times (Hillis & Wilcox, 2005). Node suppoexpressed as posterior
probabilities was interpreted as the frequency thgharticular clade occurs within the
collection of trees after the burnin. All posterobabilities that were greater than 95%
were considered to be significant and supportedthsy data. Bayesian posterior
probabilities for branches in a phylogenetic analygpresent the probability that the
corresponding clade is present in the true treeerngthe data examined, the likelihood
model, and the specified priors (Hillis & WilcoxQ@5; Huelsenbeck & Rannala, 2004;
Larget & Simon, 1999).
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4.2.5 Estimation of divergence times

The rate of gene evolution is governed by the diveratation rate and the proportion of
sites at which changes are neutral (Bromham & Pe20@3). Because these factors can
differ between species or over time, they can gige to lineage effects and cause
variation in substitution rates between speciesh shat some branches of the phylogeny
may have a faster rate of molecular evolution tbtrers (Bromham & Penny, 2003).
Rate variation among sites is usually modeled lgamma density function (Kumast
al., 2004). Therefore, the rate heterogeneity amongs sitas investigated in these
sequences using the likelihood ratio test (LRTPHWUP*. As there was no significant
rate variation among site of these sequences, egte were assumed for all sites. The
results for testing for a molecular clock test atsiggested such that a molecular clock
should be accepted for this dataset. Thereforergence times within the genus for the
12 species were estimated by computing all unctedepairwise distances for PAUP*,

using the gamma parameter estimated by using maxilikelihood (PAUP?).

4.2.5.1Molecular clock calibration

The timing of major splits among the lineages ofauolar clock rate of the available
species ofSyngnathusvas estimated in two ways. The first estimatiors \@dane using a
molecular clock calibration based on the geograglyigsolated populations db. acus
(north-eastern Atlantic and Mediterraneaf)ese two populations were selected because
they occur in two marine biogeographical regiohs, Mediterranean Sea and the north-
eastern Atlantic that are divided by the StraiGabraltar (Bargelloniet al, 2003). The
divergence date was based on the separation deédeéerranean basin from the Atlantic
Ocean with the rise of the Strait of Gibraltar dgrihe late Miocene from about 6 to 4.5
million years ago (Mya) (Kumaet al, 2004; Gantenbein & Keightley, 2004). The
formation of the Rock of Gibraltar began (as fartlas Jurassic Period), when shells of
marine organisms accumulated in the Atlantic Oababh was much narrower than it is
today and formed a layer of limestone (Hsial, 1977). Compression at the boundary of
the African and Eurasian plates then uplifted thier above sea level about 5.6 Mya
(Duranet al, 2004; Gantenbein & Largiad, 2003). The closinghef Strait created land

bridges that together with a lower sea level (2Q@&tow present sea level) due to larger
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polar ice caps, resulted in the closure of theitStfeGibraltar and the desiccation of the
Mediterranean Basin (known as the MediterraneamiBalCrisis, MSC) (Hsuet al,
1977). This event may have led to vicariance antkte differentiation by preventing
the exchange of individuals between Atlantic anddMgranean species (Bremetral,
2005; Palma & Andrade, 2004; Lo Brutet al, 2004). Therefore ifS. acuswas
distributed in both the Atlantic Ocean and Meddesan basin before the MSC, its
populations may have also subsequently becamdasiotiring the establishment of the
Gibraltar land bridge. If this isolation preventéd exchange of individuals, then these

two populations offer an excellent opportunity tody evolutionary rates iSyngnathus

The second calibration rate used in this study @entonservative and based on the
widely accepted conservative mtDNA molecular cldinchmark of 2% per million
years (Myr) estimated for fish mitochondrial DNAi{Bgton, 2003; Arbogaset al,
2002; Durandet al, 2002; Edwards & Beerli, 2000; Berminghash al, 1997). This
clock is equivalent to a substitution rate of Omicleotide substitutions per site per
lineage per Myr (Bermingharat al, 1997). This rate was selected, as it was sinlar
the estimated molecular clock calibration féippocampusa genus that is in the same
family as SyngnathugJoneset al, 2003) A 1.4% cytochromé sequence divergence
rate per Myr (based on split betweeétippocampus ingenand H. reidi across the
Isthmus of Panama) has been used by various autboestimate divergence times
(Lourieet al, 2005; Casewt al, 2004; Lourie & Vincent, 2004).

4.3 Results

4.3.1 Cytochromeb sequence variatioramong species oByngnathus

PCR successfully amplified about 743 bp the cytoeteb region for all the species
examined (Sequences will be deposited in GenB&dnparison oSyngnathuspecies
and all available specimens of the three studyispédentified several conserved regions
in their sequences. Of the 743 bp-aligned sequer@ sites were identical (66 %)
while 254(34 %) were different. Of the 2%ltes that were different, only 125 (16.7%)

sites were parsimony informative (shared by attléas individuals or species) while
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129(17.2%) were autapomorphic. Therefore, 625 (73.2%)atters were uninformative

under the parsimony criterion. The dominant featfrthis mtDNA region was the high

rate of transitions, the majority of which were-@ changes relative to transversions.
Consistent with the strong transition bias, therage nucleotide composition of the
sequences was globally G-deficient (17%) whereather nucleotides were not very
different from 25% with A, C and T making up 24%, 2&¥d 31% of the sequence
nucleotide composition respectively. Although basenposition was slightly variable

among taxa, it was homogenous or not significaditfierent in the overall variable sites

as tested by the heterogeneity t&&t76.195, d.f=186P = 0.9).

Sequence divergence estimates among all the sgdabke 4.4) varied from 3.1-20.5%
(between species withirByngnathus to a maximum of 25% between species of
Syngnathusand other genera of Syngnathidae (average 21%).range in differences
between species was 3-21%, while individuals withispecies differed by 0.1-7.5%
substitutions. The nucleotide differences amongviddals of a species were slightly
higher amongS. acs (0.13-6.6%) than amon&. temminckii(0.13-2.3%) andS.
watermeyeri(1-3%) specimens. Except for the comparison betwgetyphleand S.
taenionotus(3.1%) and S. floridaeand S. louisianag(3.4%), most pairwise sequence
divergences between species had genetic valuesegréean 10%. The other low
nucleotide divergences among species were obséetagkenS. abasterersusS. typhle
and S. taenionotug3%) and between the two South African species (6.8#tirating
that these species are closely related and maye ghast recent common ancestors
(MRCA).
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Table 4.4: Percent pairwise sequence divergences among aptzes (lower diagonal)
and their standard errors (upper diagonal). Unaledlinumbers are the lowest and highest

divergences among the analysed species.

Species Code 1 2 3 4 5 6 7 8 9 10 11 12 13
S. watermeyeri 1 09 11 13 13 12 13 13 13 13 14 1413
S. temminckii 2 6.6 11 12 12 12 12 14 14 13 14 1414
S. acus 3127118 1.1 1.2 11 11 13 13 1.1 1.3 1313
S. typhle 4 16.014.6 12.7 06 09 12 13 13 12 14 1313
S. taenionotus 516.214.8125 3.1 09 1.2 13 13 1.2 14 1413
S. abaster 6 16.014.812.3 55 5.7 12 14 14 12 14 1413
S. rostellatus 7 16.214.212.0 13.1 13.5 125 14 13 1.2 14 1413
S. floridae 8 18.417.6 16.8 16.2 16.4 17.8 16.8 06 1.2 14 1414
S. louisianae 9 18.217.816.515.915.9 17.516.7 3.4 1.2 1.4 1414
S. schlegeli 10 16.116.0 12.2 14.2 13.9 14.6 13.6 15.915.4 13 1413
S. scovelli 11 18.017.8 16.5 19.0 19.4 19.0 19.0 18.2 18.3 15.8 1.11.3
S. fuscus 12 18.317.215917.518.217.819.1 17.817.8 17.9 10.8 14
S. leptorhynchus 13 19.619.6 18.5 17.9 18.3 18.3 19.4 19.5 19.1 18.3 19.3 20.5

The plot of the number of substitutions versus @ercequence divergence showed that
the sequences exhibited saturation after 21% sequdnergence (Figure 4.2). The
graph displays saturation only when the nucleatidferences among sequences are not
phylogenetically useful (Kocher & Carleton, 199This may imply that although the
species are evolving and becoming genetically iffe similarity is just as likely to
reflect chance convergence, as it is to reflecesing (Kocher & Carleton, 1997; Meyer
1993). Therefore, no sequences were removed fresethnalyses becauSgngnathus
species showed a linear relationship for sequemgergences ranging from 3% to a
maximum of 21% between most species &ndeptorhynchusThe graph only flattened
out after pairwise comparisons of sequences ofispenf Syngnathuswith the other
species from other genera of Syngnathidae (> 21%¢. DNA sequence divergences
between the species of the genus were thereforéogdmetically useful as their
comparisons were in the phase when the trend liag wcreasing. It was therefore

assumed that saturation would not affect analyfsiseoingroup (divergence < 21%).
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Figure 4.2: Transitions/transversions plotted against pairwigercent sequence
divergence for 63 sequencesSy¥ngnathushowing the point where sequences become

saturated.

Syngnathus acuand S. temminckiiindividuals were very different genetically, with
nucleotide divergences ranging from 11.7-15.0%. &sexjuence divergence values are
within the ranges observed for congeners among dpties (Johns & Avise, 1998;
Meyer, 1993). The plot of nucleotide divergenceag\ffe 4.3) of these two species shows
three distinct groups. The first group (A) exhilditsv sequence divergence between 0O-
3% and defines most of the differences betweenwgssr comparisons of individuals
within S. temminckiand each of the two locations $f acus The next group labeled B
(4-7%) defines nucleotide differences betw&eracusspecimens from the Bay of Biscay
and the Thracian Sea. The last group (C) with tgkdst sequence divergence (11-15%)
represents the difference between pairwise congpesi®fS. acusand S. temminckii

specimens, with the higher values being South Afriand Bay of Biscay specimens.
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Figure 4.3 Transitions/transversions plotted against paewidifferences among

sequences dd. acusandS. temminckishowing three distinct groups A, B and C

4.3.2 Phylogenetic relationships withirByngnathus
4.3.2.1Parsimony analysis

Initial parsimony analysis was done using all ala# sequences (with GenBank
sequences). Although various specimens from eactsgeere also initially included the
analysis, these were later reduced since theyaserke computation time and did not
change the resultant topology of tBgngnathughylogeny.Solegnathus hardwickivas
only used in an initial analysis as the availaldquence (420 bp) was much shorter than
that of all specimens available (743 bp) and tleeeetonsiderably reduced the number of
available characters for analysis. Furthermore,oreng this species from the analysis
did not greatly change the resultant topology a 8yngnathudree or relationships
among genera (Appendix VIII). Of important note wdhe seahorse species that all
clustered together in a strongly supported cladd sliat using fewer representatives did
not influence the relationships among taxa. He@& sequences were chosen for the

final phylogenetic analysis after trying out vasoautgroups combinations. Of the 743
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base pairs that were aligned, 383 positions weeatichl while 360 positions were
different among taxa. Only 329 of the polymorphites were phylogenetically
informative (Table 4.6). Unweighted parsimony asayecovered one parsimonious tree
with 1696 steps with values of 0.38 and 0.56 fax @onsistency (Cl) and Retention
indices (RI), respectively. The resultant tree igeg in figure 4.4 and nodes defining

supported clades are labeled from A to M.

Table 4.6:Results of the unweighted parsimony analg$i$2 species abyngnathuand

18 other species from other genera based on 743da&s of cytochromb.

Identical Polymorphic sites Parsimony Autapomorphic
sites informative sites sites

No. of bases 383 360 329 31

% of sequence 52 48 44 4

The phylogenetic tree ofyngnathusis not well resolved, as the clades defining
relationships among species have no bootstrap supgi@vever, the monophyly of the
genus is moderately supported with 74% bootstrapatifClade K). The tree has an
unresolved polytomy that associates South Africaecies with some species of the
western Atlantic Ocean, and all the eastern Attagpecies an. schlegelifrom the
western Pacific Ocean (clade J). Some of the emgidantic/Mediterranean species
namely,S. abaster, S. typhkndS. taenionotusorm a strongly supported clade (Clade
G) that is nested within this polytomy. Unlike thesults of Wilsonret al., (2001), this
clade was not paraphyletic & typhlespecimens belonged to a supported clade
(Appendix VIII). The tree also suggests that theo tBouth African speciessS.
watermeyeriandS. temminckiare more closely related to each other than eithtr S.
acus The two species pair up in a supported clade %l @dotstrap support) as sister
taxa. These results like the morphological analgbisw thatS. acusandS. temminckii
are two phylogenetically distinct species. Meanrwige distance between the two
species was 11%, which is within the range obsebyedohns and Avise (1998) for
congeneric fish species. Another feature of thgs ts some divergence within tBeacus
and S. temminckiigroups. There were two well-supported clades (& Bnof S. acus

with bootstrap values of 10Q% hese clades comprised of Atlantic Ocean (Bay of
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Biscay) and Mediterranean Sea (Thracian sea) spasimThe tree also consists of
moderately supported clades within tBe temminckiigroup though the relationships
among the individuals are unresolved (Appendix MWhile there have been relatively
fewer genetic changes withl temminckiithe S. acusseems to have undergone more
intra-specific divergence based on the availabta.dBhe other main features of the tree
are the basal position &. leptorhynchusyhich is an eastern Pacific Ocean taxon and
was the most genetically different species basefdaimvise sequence comparisons with
other species (average 19% divergenSgngnathus scovelindS. fuscusppear to be
more closely related to each other than to theratpecies in this polytomy. The two
species appear to share a most recent common aneast as they had a strongly
supported lineage (clade | with 99% bootstrap suppoByngnathus floridaand S.
louisianaeappear to share a most recent common ancestoe (dgfibr this phylogenetic
relationship. However, theS. floridae and S. louisianae clade was paraphyletic
(Appendix VIII) and is therefore unresolved thowgitongly supported. Other species of
Syngnathudrom the northwestern Atlantic need to be addedhis data to verify the

phylogenetic relationships defined by these twdeta(clades G and H).

The relationships among genera of Syngnathidaeuaresolved as species all cluster
together in an unresolved basal polytomy (clade e monophyly of the family was
however strongly supported with 96% bootstrap inpalisimony analyses (Appendix
VII). These results are however not in agreemettt thie results of Wilsoet al.,(2001),
which suggested a sister group relationship betw#ppocampusand SyngnathusThe
genus,Hippocampuss monophyletic with 98% bootstrap support (cladeahd part of
the polytomy. The relationships between Hippocampimnd Syngnathinae were not
tested, as there were insufficient species. Therefturther examinations of pouch
development and taxon relationships among gene&ymgnathidae are still necessary.
Because our goal was to infer the placement of IB@dftican species within this
phylogeny, this phylogeny can still serve as a alle source of information for
evaluating relationships among specieSwhgnathus
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Figure 4.4: Phylogenetic relationships among speciesswyhgnathusnferred from the
parsimony analysis of cytochronbesequence data of 29 selected sequences. Codes for
locations ofS. acus, S. watermeyeaind S. acusare given in Table 4.1. Clades are
labelled from A to M while the numbers below tharfches are the associated bootstrap

support values.
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4.3.2.2Maximum Likelihood analysis

ModelTest 3.06 recommended the variant model oHK¥ (Hasegawa-Kishino-Yano)
model (HKYH+l) with invariable sites and gamma-distributederating the Akaike
Information Criterion (AIC). The HKY model (Hasegawt al, 1985) has five model
parameters and assumes different rates for transiand transversiorf€randall, 2001;
Posada and Crandall, 1998). This model estimatedptportion of invariable sites
(Pinvar or I) as 0.48 and a gamma shape paraniétas{imate of 0.96. The data were
estimated as having base frequencies at 29%, 31%,ad 29% for A, C, G and T,
respectively. The resultant tree obtained using imdel, PAUP* is represented in figure
4.5 with associated bootstrap values for cladebl)A-

Although both parsimony and ML analyses generatesime tree topologies, clade N
was only supported in the ML tree. This clade diod have significant support in the
parsimony tree (52%) but was supported (76%) thougHerately by the ML tree. The
monophyly of the genus was also moderately suppd@6%) whileS. leptorhynchus
and the two western Atlantic speci& gcovelliandS. fuscuswere basal in the genus.
Both parsimony and ML trees indicate tHat acusand S. temminckiibelong to two
distinct and strongly supported clades (D and CbhheO similarities between the
topologies include the divergence wittf8nacusand a sister relationship between the two
South African species. The monophyly of the famiigs also strongly supported (clade
M) with species ofHippocampusalso forming a strongly supported clade (L).
Furthermore, this analysis also suggests that tisene sister-taxa relationship between
Hippocampusand Syngnathugclade M). Syngnathidae though strongly suppodsd
monophyletic with 99% bootstrap support had an wives basal polytomy showing no
phylogenetic relationships among genera. OthertligeML tree was very similar to the
results obtained by Wilsoet al.,(2001).
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Figure 4.5: The maximum likelihood tree of cytochronbesequences with bootstrap
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Branches are scaled to number of substitutionsiper Clades are labelled from A to N
while the numbers below the branches are the agsddbootstrap support values.
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4.3.2.3Bayesian Inference

The effective sample size of the Markov chain i@ Bayesian analysis was 10001. The
mean In likelihood of these trees was —-5624. Fa Bayesian inference method,
identical topologies were recovered for each offthe runs with the dataset, although
posterior probabilities for some of the nodes déteonly slightly (0.01-0.02) between
each of the Bayesian runs. Burnin trees for eaohwere identified and excluded from
the majority rule consensus tree calculations. feeur very strongly supported clades (A
to M and O) were identified in the inferred phylogeAlthough both parsimony and ML

analyses generate the same tree topology as BE €awvas only supported in the Bl tree
(Table 4.7).

Bayesian inference suggests that South Africaniepeshare a most recent common
ancestor (clade O) with northeastern Atlantic speaf the genus, a relationship that is
not supported by the other analyses. All the othajor nodes defining strongly and
moderately supported clades in the parsimony trer\&lso significantly supported by
Bayesian posterior probabilities estimates. Bayesmerence shows th&. acus,S.
temminckiiand S watermeyeribelong to two phylogenetically distinct and strigng
supported clades withisyngnathus The monophyly ofSyngnathuss supported by
Bayesian analysis with 100% posterior probabilithde K). Furthermore, there is also
no support for the suggested sister-group relatipndetweenHippocampusand
Syngnathusccording to the results of this analysis (Figh.

Table 4.7:Bootstrap support values for parsimony and maxiriketihood analyses and

Bayesian probability estimates for the major supgabclades expressed as percentages.

Analysis Clade

A B C D E F G H I J K L M N O
Parsimony 100 100 100 98 100 100 100 100 99 9% 74 98 96 - -
ML 100 100 100 100 100 100 100 100 100 99 86 98 99 76 -
BI 100 100 99 100 100 100 100 100 100 99 100 100 100 - 99
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4.3.3 Divergence time estimates

The molecular clock hypothesis was accepted fa tlata, as the rates of mutations
across lineages of the species were not heterogsnsing the likelihood ratio test. The
calculated likelihood ratio test statistic was assé by reference to chi-square tatdes,
was found to be insignificantP(< 0.05). Two calibration points were used to get a
conservative range for the time estimates for tadiation of the different clades.
Molecular clock calibration based on the rise of tBtrait of Gibraltar suggests that
pipefishes of the genUSyngnathusrose more than 23 Mya during the Miocene period
(23.8-5.3 Mya; Berggrert al., 1995) (Figure 4.7). The average mitochondrial DNA
molecular clock of 2% sequence divergence for fiskestimated the evolution of
Syngnathudo be around 12 Mya (Figure 4.6). Therefore, bodhbration procedures
imply that pipefish species, which are almost tstied as widely as the genus
Hippocampusmay have a Miocene origin (Caset al, 2004; Fritzsche, 1980).
Considering both calibration clocks, the first #plg event within the genus, i.e., the
divergence betweeS8. leptorhynchusand the remainin@yngnathuspecies could have
occurred about 18-10 Mya (clade K).

The burst of divergence that produced a polytomaidong the Atlantic, Mediterranean
and Indian Ocean clades probably due to major slifiegition of major lineages within
the genus is estimated to have taken place somé M$a during the mid-Miocene
period. Although the mtDNA clades of some speciesreweasily recognized and
separated from geographic and genetically diffesgracies, there was no phylogenetic
resolution among species to determine the ordevhich these species diversified into
these regions. However, ML analysis suggests tmatefrliest ancestor of this clade
appears to be a species that gave ris8.ttuscusand S. scovelliand the rest of the
species in clade N. The percent sequence divergbatgeenS. temminckiiand S.
watermeyerisuggests that the two species diverged about .6.9¥8/a during the
Pliocene. On the other hand, diversification witBpecies such &. temminckiandS.
watermeyeris more recent and may have been influenced hgt®bene conditions (1.8
Mya - 8000 years ago).
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4.4 Discussion

4.4.1 Phylogenetic relationships

The observed sequence divergences between indisidfiaall species oSyngnathus
ranged from 3-20 % and are similar to values esathdébr various other fish species
using the cytochromé region (Lourieet al, 2005; Teskeet al, 2004). Garciat al,
(2000) found a maximum uncorrected pairwise divecgeof 28% (average ~ 17%) in
killifishes, Reedet al., (2005) found a maximum 18% among carangid fishdslew
Caseyet al. (2004) found > 24 % Tamura-Nei distance among asals. The highest
sequence divergence (20%) occurred betw®eleptorhnynchusndS. fuscusBased on
the observed levels of sequence divergence, tlzerdatesent long-separated species and
diverse evolutionary histories withiByngnathusThe high rate of sequence divergence
between individuals 0B. acus, S. watermeyendS. temmincki(7-11%) suggests that
these taxa are distinct species. The phylogenefityses results using parsimony, ML
and Bl methods were not surprising given the moligdioal differences observed among
these species.

The trees that were retrieved by all methods (Egd“-4.6) were characterised by
similar species groupings and generally agree thi¢hresults obtained by Wilsaat al.
(2001) for relationships withiByngnathusSyngnathus acuendS. temminckiwere each
found to belong to genetically distinct monophyatlades that were strongly supported
among all tree topologies. The results show tha@cusand the two South African
species have been reproductively isolated for ficgritly long time such that they have
diverged from each other. These interpretationsraeggreement with the morphological
results of the previous chapter. Therefore, thettf®wya African long snout pipefish that is
currently recognized a$. acus(Dawson, 1986) is morphologically and genetically
distinct from theS. acusoccurring in European and Mediterranean waterd,séwould be
referred to a$. temminckiiAlthough the generic status 8f watermeyenvas previously
considered uncertain (Dawson, 1985), the cytochrbra@alysis results show that this
species is rooted withiByngnathusThe results showed th& watermeyeris closely
related toS. temminckiasthey share a most recent common ancestor. Thi®génetic

relationship was strongly supported by the esticha®arsimony, ML and BI tree
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topologies (Clade A)The relationship between the two species was mptising as they
geographically isolated from the other specieshe genus. These two species are
presently the only known Indian Ocean species hatetore represent a group that has

diverged from otheBSyngnathudéineages.

The phylogenetic analysis also consistently dematest the existence of two distinct
lineages withinS. acus Specimens oByngnathus acueccurring in the Thracian Sea
(Clade F) where genetically distinct from specimeodlected from the northeastern
Atlantic Ocean (clade E). These two clades werengty supported by all analytical
analyses with 100 percent bootstrap and posterairgbilities values. Whether these two
clades correspond to two subspecies or merely tygas is still uncertain at this time.
Subspecies taxonomy within fishes has been cons@lesuch that closely related
populations are therefore generally described axiep complexes (Taylor, 1999;
Turner, 1999). The relationships of clades E amd the S. acuggroup therefore require
further investigation and taxon sampling. They viad assumed to represent different
haplotypes of the species. The distinct formsSofacusmay be as a result of genetic
polymorphism within a species that is widespread #rerefore exposed to different
ecological and selection pressures that may caesetig drift. These two forms could
also imply the existence of two distinct gene pdolshe two biogeographical regions
that are have been geographically separated bystilag of Gibraltar and are now

possibly reproductively isolated.

The remaining specie$§ (abaster, S. typhbndS. taenionotysfrom the eastern Atlantic
Ocean, North Sea and Mediterranean Seas all foedeclG (with 100% bootstrap
support) Although these three species are part of the uvesg@olytomy (clade J), they
share a most recent common ancestor and may thereforesent a northeastern Atlantic
lineage. Furthermore, this northeastern Atlantaxlelwas also observed in the Wilsgin

al (2001) study and was also within a monophyletaclelwithS. rostellatusandS. acus
While parsimony analysis and ML analysis from tlsgidy do not support this
relationship withS. rostellatusandS. acusBI inference analysis retrieved this clade but
with the addition of the two South African specietade O). In this study, the four
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Western Atlantic specie$(floridae, S. louisianae, S. fus@rglS. scovel)i formed two
clades that were strongly supported in all analyseswvever, theS. floridaeand S.
louisianaeclade was paraphyletic f&: floridae(Appendix VIII). These results were also
recovered by Wilsomt al., (2001) and suggest diversification of distinceliges within
the northwesterrSyngnathusspecies that requires further investigation. Thestern
Pacific speciesS. schlegeliwas also embedded within unresolved clade J amdd co
represent dispersal to this region from the Attanfihe long evolutionary history @&.
leptorhynchusan eastern Pacific species, suggests that thigespthat has undergone

much diversification and could be the most basat&s in the genus.

Analysis of the cytochromb dataset supports the monophylyS®fngnathusegardless
of the phylogenetic analyses employed. It is atspdrtant to note that support for the
monophyly of Syngnathuswvas not as strong as that observed for basaligerteric
clades (clade M) a result also observed by Wilsioal (2001). Poor resolution and weak
support at the base of a phylogeny can be duethierdack of information necessary to
resolve basal relationships or fast differentiattbtineages at the base of the tree (Poe &
Chubb, 2004; Jackmaat al, 1999). The lack of resolution within tisyngnathuslade is
probably due to the missing data even though tladadble datasets included more then
320 parsimony informative characters (Rydin & K@&|gé, 2002). Although all the
geographic distribution of the genus was refledigdthis analysis, only a third of the
species were incorporated since specimens of s@®eles were unavailable. These
results still suggest a strong correspondence leetvgeographic origins of some species
lineages. All the strongly supported clades of sg®eor sister pairs within this genus
were grouped according to geographic region as sgapto species occurring in different
regions. The results suggest that morphologicalatran and genetic divergence in
Syngnathus may be associated with the diverse ecological ahskributional
characteristics of the group. The trees shown is study are likely to be the first to
depict relationships among members of the genus thi¢ inclusion of the two South
African species. It is hoped that future inclusmother taxa into this phylogeny will
help resolve this genus. This study also showeceremite between molecular and

morphological patterns of variation among the ttiszget speciesS( acus, S. temminckii
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and S. watermeye)i Therefore, it is suggested that although theciggeof Syngnathus
are very similar morphologically, they possess Higent number of morphological

characters that differ in such a way that are useftne distinction of species.

4.4.2 Divergence time estimates

Species in the genuSyngnathusprovide an ideal system to study phylogeographic
patterns as they are distributed over a vast gpbgraange and throughout the three
main world oceans. This distribution covers theanaparine phylogeographical breaks
defined by vicariant events that have been useelstnate divergence times for most
marine fishes (Bernardet al, 2004; Gantenbein, 2004; Broderick al, 2003;
Berminghamet al, 1997). The pattern of cytochrorbesequence divergence has been
shown to have implications for molecular clock bedtion as this gene has been useful in
providing phylogenetic utility only for taxa witkelatively recent divergences of up to
approximately 50 Mya (Garciet al, 2000; Moritzet al, 1987; Wilsonet al., 1985).
Pipefish though considered to be the oldest grdgymmgnathids and the first to exhibit a
reed-like body, are relatively recent as they apgmkan the fossil record during the
Eocene (54-37 Mya) (Fritzsche, 1980). The evolutbseveral groups of Syngnathidae
during this period can be linked to the origin ofertidal vegetation during this time
period. Presently, syngnathids are one of the majdrhighly diversified ichthyo-fauna
inhabiting these intertidal vegetative habitatseSé pipefish divergence time estimates
also coincide with the “sudden” fall (in just 200(Dyears) in global temperature of 3—4
°C that took place about 34 Mya at the end of theelie Period (Caveli@t al., 1981).
This cooling led to the expansion of ice on Antagectand a corresponding 40m fall in
global sea level (Caveliaat al., 1981) that may have changed prevailing ocean urre

directions and hence marine fauna distributiongpast

The results suggest that the diversification witByngnathidae that may have led to the
evolution of several genera took place approxigagd and 12Mya in the Miocene

(23.8-5.3Mya). These divergences dates can be s@opdy Paleoclimate data that
shows that there was a brief respite from the Gicgiling event in the Miocene between

20 and 16 Mya that could have allowed conditionsh@ northern Atlantic to become
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warmer and hence more suitable for pipefish edlablent. The analyses also indicate
that diversification may have occurred in the geSysgnathusbout 18-10 Mya (clade
K) during the mid and late Miocene. The separatibthe South African (Indian Ocean)
clade from other clades and most of the other sgeand the radiation of the Atlantic
Ocean and Mediterranean Sea species occurred ahewtMya. The timing of these
radiation events also coincides with major Paleoate events that took place in the
northern hemisphere. Around 5.6 Mya, the Meditexsambasin dried out and re-flooded
several times, leaving salt deposits of more tHz00Im thickness (the MSC event). This
created changes in ocean circulation patterns ¢imamut the world and therefore fish
movement mechanisms (Meijer & Krijgsman, 2005).sTkvent occurred during the
second major cooling period that was so intensé st south-eastern Greenland was
completely covered with glaciers by 7 Mya (Signaral, 2004; Cavelieet al, 1981).
During the coldest periods of the Ice Age, averglgbal temperatures were probably 4 -

5° Celsius colder than they are today.

Therefore, these changes in sea level, ocean tutnesttions and temperature could
have forced fragmentation of some species to neasafe.g., South Africa). By about 5-
6 Mya, glaciers were extending into Scandinavia tliednorthern Pacific region (Sigman
et al., 2004). Changes such as the emergence of mouritainscand sea straits could
have formed barriers to dispersal and directlyai®al pipefishes, while islands and
peninsulas may have provided important refuge duphases of habitat retraction and
encouraged species divergence. The earth begararm wp again between 5 and 3
million years ago, such that the sea was much waer@ind North America and the
Antarctic than it is today (Sigmaet al., 2004). Warm-weather plants grew in Northern
Europe where they cannot survive today and probaftpuraged the dispersal of species
to the colder Atlantic waters. Tropical recordsioade that significant tropical climate
reorganization occurred twice: once between 4.5Myn, well before significant
northern hemisphere glaciation (NHG), and once betw2.0-1.5 Mya, well after the
onset of significant NHG (Bartolkt al, 2005). Subtropical and tropical regions began to
cool causing their upwelling regions to cool, inigting the west to east temperature

and pressure gradients and reinforcing the cooliresnd (Bartolli et al, 2005).
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Circulation changes in the Atlantic Ocean were glessibly forced by tectonic events
such as the restriction of the Central Americanwsgaand the rise of the Strait of
Gibraltar during this time. Thus, gradual changasbasin geometry, land-surface
conditions and other events, occurring at least twe past £ 4-1.5 Mya, most probably
forced global cooling and circulation pattern chesi@Bartolliet al, 2005; Ravelet al,
2004; Haug & Tiedemann, 1998). This could havettedhe geographic expansion of
species from the Atlantic and then perhaps a sarthwetreat to the South Atlantic and
Indian Ocean in Southern Africa in response to @ot#mperatures. Low-lying coastal
areas and estuarine habitats the typical habivatsyingnathids are extremely vulnerable
to sea level rises and marine incursion and weneéelearly affected during this time
(Baxter & Meadows, 1999).

The S. acusclades E and F were also estimated (using 2% asesegq divergence) to
have diverged during the period when the Atlantce&h and Mediterranean Sea split.
Paleoclimate data has shown that the Atlantic Obeake through the Strait of Gibraltar
and created the present Mediterranean Sea abolMtyé %Bartolli et al, 2005; Ravelet
al., 2004; Haug & Tiedemann, 1998). It is generallyndted that normal marine
conditions were restored at the beginning of thecéhe by an abrupt re-flooding of the
Mediterranean during the Zanclean deluge (MeijeK&jgsman, 2005). Currently an
encounter of the superficial inflow of Atlantic veatand Mediterranean waters, which
flow out at depth occurs in the most western pérthe Alboran Sea and results in a
frontal zone, the Almeria-Oran Oceanic Front (AO@Bartolli et al., 2005; Gyselset
al., 2004; Raveloet al., 2004). The AOOF and the narrow oceanic strait ttuge
represent a natural barrier to gene flow betweelanfit and Mediterranean marine
fauna. These barriers could cause and maintaipatlic separation in different marine
species and could be responsible for the observfdrentiation within S. acus
populations. Although a few species show no diffeegion between their Atlantic and
Mediterranean populations, a clear phylogenetialbm@s is hypothesized for these two
populations ofS. acushas been observed among other marine species éBetnal.,
2005; Bauset al, 2005; Palma & Andrade, 2004; Gantenbein & Largi2@D3; Borsa,

2002). For example, large mtDNA divergence was nMesk between Atlantic and
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Mediterranean samples of three sparidsthognathus mormyrus, Spondyliosoma
cantharusandDentex dentegBargelloniet al, 2003).

The rise of the Isthmus of Panama, which occurigaraximately 3.5 Mya has been
proposed as the major historical event respondinethe separation of Atlantic and
Pacific faunas (Bernarei al, 2004; Bermingharat al.,1997). The distinct phylogenetic
break between these two regions observed for manakefreshwater species suggests
that the Panamanian Isthmus is a long-term batoighe flow of genes between the
western and eastern Pacific and Atlantic fish sse¢Berminghanet al., 1997). For
example, Casegt al. (2004) observed th&tippocampus ingenshe only eastern Pacific
species, was genetically closer to the Cariblig¢areidi than any of its western Pacific
counterparts. Therefore, the eastern Pa8fikeptorhynchusmay have been separated by
the rise of the Isthmus of Panama from the Cariblagal AtlanticSyngnathuspecies.
However,S. leptorhynchuss the most basal species in the phylogeny andthexgfore
have diverged earlier than the Atlantic pipefiskea@es, despite the fact that the latter
occur in greater diversity and numbers. The risthefPanamanian Isthmus was not used
for calibration in this study, as there was onlye @pecimen from the eastern Pacific
available for analysis. This geographic break cduavever become very useful once

more species from this region are included in tmgdggeny.

4.4.3 Conclusions

The results of this study though similar to the d&f et al (2001) study in terms of the
phylogeny ofSyngnathuswere very different with regards to its generiaggment of in
Syngnathidae. While most of the genera were natadbla for analysis, various analyses
using different combinations of outgroups, from the-families, Hippocampinae and
Syngnathinae did not support a close relationsbtpréenSyngnathusndHippocampus
There was however an unresolved polytomy betweemergethat requires further
investigation. While the morphological relationshifnave been hypothesized and
described (Kuiter; Herald, 1959) there is need ftother revision and to incorporate
more genetic data to resolve these relationships.
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Although the results of this cytochronmte phylogenetic study could not resolve
phylogeny of Syngnathus the data identified a number of clades or suglort
relationships among some species and geographegbns. The study obtained
relatively well-supported trees that are nearlyntdml across a variety of analyses apart
from clade support values for two clades. It appéaat species of the genBgngnathus
have the ability to disperse and become establishedpecies distribution ranges are
either widespreadS; acusor S. typhl® or restricted (e.gS. watermeye)iin some
instances. The two South African species 8ndchlegelare found at the periphery of
the distribution range in the Indo-Pacific and cbhé a result of long distance dispersal,
as the species of the genus are more abundang icetitral region (Atlantic). There are
22 species, out of the 32 valid speciesSghgnathusdistributed in the western and
eastern Atlantic regions. According to Brooks andLihnan (2002), the larger central
population is assumed to be the “principal sourfeewolutionary change,” when
determining species origins. This is because |lpamlations have a higher probability
of gaining new mutations and a lower probabilitygofng extinct than small populations.
Small populations if isolated will usually becomeona highly derived ecologically

compared to the more widespread or larger popuigtio

The trees shown (Figure 4.4-4.5) are not resolvedternal clades, though some general
species relationships could be deduced. This canldrtifact of taxon sampling with
only 12 species odyngnathusand about 20 species having not been samplecdsed
resolution in these clades will require more extensampling of the other species in the
genus. Although the cytochronbedata presented here does not enable us to rebadve
phylogeny and maybe a reflection of the evolutidrthos gene, it has allowed us to
suggest some testable hypothesis for future amalyBhe data revealed distinct
geographic lineages that could point to biogeogapheaks that may later define this
phylogeny. Lanyon (1993) advises that systematiststify both a “best estimate” and a
“reliable estimate” of phylogenetic relationshipBhe trees therefore represented in this
study are only an estimate of the hypotheticalti@iahips of South African species

within Syngnathus.
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Chapter Five
The phylogeography of South African species dyngnathus

5.1 Introduction

Documenting the extent and causes of populatiowisisions via phylogeography has
been a major focus the evolutionary and molecular ecological stadi¢ various fish
families (Brandstatteet al, 2005; Durancet al, 2005; Mattern, 2004). Phylogeography
has contributed considerably to our understandinthe factors that have influenced
population structure and species divergence amgmgnsithids (Tesket al, 2004; Jones
et al, 2003; Wilsonet al, 2001; McCoyet al, 2001; Jone®t al, 2001). Significant
geographic differentiation can occur between pdpia that still occasionally exchange
individuals, but are at equilibrium or when a higtal event has permanently interrupted
gene flow between the populations being consid€Brdsberg & Cunningham, 2001).
For example, genetic analysis revealed strong réifttation when comparing Atlantic
and Mediterranean samples of sparid speti#dspgnathus mormyruandDentex dentex
and moderate fdPagrus pagrughat have been geographically isolated (Bargekoail.,
2003). Whenever gene flow between populationsesgnted, a combination of mutation
and random extinction events of lineages (lineageing) will eventually occur
(Grosberg & Cunningham, 2001; Avise, 2000). Thaulteis that each population will
have a unique most recent common ancestor (MRCA) lereage (Wakeley, 2005;
Grosberg & Cunningham, 2001). The alleles in timedge will coalesce with each other
before coalescing with alleles in the other subpetmn or lineages (Grosberg &
Cunningham, 2001; Avise, 2000; Avise, 1998).

Phylogeographic inference is achieved by studyaugpmstructed genealogical lineages of
individual genes (gene trees) sampled from diffepapulations with an emphasis on the
evolutionary and geological processes as well asetological pressures governing
distribution (Knowles, 2004; Avise, 2000). Theseogasses promote evolutionary
mechanisms such as migration, admixture, isolabigndistance, and gene flow that

produce and maintain genetic differentiation (Knesyl2004; Morrone & Crisci, 1995;
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Endler, 1982). However, a species history might beteasily inferred from a gene
genealogy because experimental evaluation of lngslodispersal or vicariance is not
feasible (Brown & Lomolino, 1998; Endler, 1982).sbinguishing between ancient
vicariance and dispersal can be problematic. Thahghdivergence of populations from
their ancestral populations is defined by the dessaf gene flow, the timing of this
divergence, and whether it coincides with particigaological events or at some time
after such historical events is not usually kno®&dwards & Beerli, 2000). Furthermore,
these vicariant events may have occurred suchstirae gene lineages may be lost by
chance and may therefore not be accounted for (keswo& Maddison, 2002; Brown &
Lomolino, 2000). It is possible, however, to inditg evaluate historical causes of a
phylogeographical pattern by carefully analysing thstribution of variation of known
organisms in light of known ecological requirememtgether with these historical
vicariant events and other common barriers to désppéMercer & Roth, 2003; Brown &
Lomolino, 2000; Endler, 1982). The varying dispérgatential caused by ecological
differences plays an important role in determirengpecies’ phylogeographical structure
due to its effect on the way a species may havygoreted to historical events (Louie
al., 2005). This diversity and potentially complex figaration of processes operating at
the population level presents a major challengegbting historical hypotheses (Knowles,
2004).

Presently, most of the phylogeographic studiessties have been for freshwater habitats
because the biogeographical barriers that haveltedsin current freshwater fish
distributions are more obvious and have been wetuthented (Tsigenopoulag al,
2003; Sullivaret al, 2002; Englbrechet al, 2000). Estuarine and coastal fish population
subdivisions for species such as pipefishes hage less studied because there is limited
information regarding the ecology and dynamics arime systems that affect these
species, and because their geographical boundargegenerally less clear (Turmeal,
2000). It is difficult to define boundaries or bemgraphical zones in the marine
environment due to the absence of physical bart@fsh movement and changes in
habitat (Turpieet al, 2000). Estuarine and marine fishes are therefonsidered to have

potentially high effective population sizes and evidlistributions, with reduced genetic
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structuring (Altman & Taylor, 2003). However, retestudies show that the genetic
structure of estuarine and marine fishes can briatea (Aviseet al, 2002; Jonest al,
2003). It has been observed that genetic struatumgarine populations is affected by the
historical and contemporary interactions of a carptet of ecological, demographic,
genetic, behavioral, oceanographic, climatic arudotéc processes (Lourie & Vincent,
2004; Grosberg & Cunningham, 2001; Hewitt, 1996j)e3e factors act across a range of
spatial and temporal scales and determine ratespatidrns of dispersal of gametes,
zygotes, larvae and adults, and therefore prometetg structure within and among
populations (Grosberg & Cunningham, 2001). Somalistu have also shown that
historical and geological events like Pleistocelmatic changes, and associated glacial
advances and retreats, caused range reductionsataibbuted to genetic diversification
of some estuarine fishes (Tesieal, 2004; Wilsoret al, 2001; Avise & Walker, 1998).
The Pleistocene, which occurred about two milli@ang ago (Mya), is characterised by
the lowering of sea levels, which would have ledh® drying of some estuaries and also
limited connectivity among estuarine populationsui@nd et al, 2005). There was
therefore limited migration of individuals and geflew between rivers, resulting in
DNA sequence divergence (Bernardi & Talley, 200l)is could have promoted the
genetic differentiation and bottleneck events @t be observed in the genetic structure

and genetic diversity of estuarine fish populatitotay.

Furthermore, the extreme fluctuations of physicall aecological conditions (e.g.
turbidity, salinity and temperature) in estuarim¥ieonments can create genetic structure
as they enable evolutionary mechanisms such adigeirdt and selection to interact
within these habitats (Duranet al, 2005; Altman & Taylor, 2003). These changing
physical and ecological conditions may act as besrand therefore prevent or limit gene
flow. Thus fish species inhabiting these habitatsineither be highly tolerant or adapt to
these fluctuating conditions through natural seectvhich may be evidenced by DNA
sequence divergence among these fish populationsaid et al, 2005; Bernardi &
Talley, 2000). South African estuaries are evenemiteresting as the 3000 km coastline
has some 300 rivers entering the coastal zoner(gdia & Baird, 1999). The influences

on these estuaries as well as the species resmititem are not stable throughout the
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year and depend mainly on rainfall as it affeces epening and closing of the estuarine
mouth. Therefore a wide variety of estuarine emmments that support pipefish
populations can be found on our coastline. Mosthef small estuaries are periodically
open to the sea and remain closed for much of ¢lae when sand bars are formed at the
mouths during the drier periods of the year and mayce be isolated from the marine
environment and from each other (Whitfield, 1998h the other hand, the permanently
open estuaries are generally characterised by sedesalinity gradients due to tidal
influence and freshwater seepage (Whitfield, 1928y, 1981). A further common factor
is that almost all estuaries in South Africa amated in incised bedrock valleys and thus
are laterally confined. South African estuaries ntagrefore represent islands with
moderate levels of gene flow or isolation amongepgh populations and hence

population subdivisions in a phylogeographic sense.

Therefore, although estuarine environments are ndiffese, they exhibit the same
phenomena i.e. dispersal and vicariance, as frashwabitats (Cox & Moore, 2000).
Although it is generally difficult to identify manyf these biotic and physical
environmental processes and their scale of operati@ nature and outcomes of species
interactions may influence population structure. td two South African species.
temminckiiis an ideal species for studying phylogeographylikg S. watermeyetthat is
restricted to the East Kleinemonde estu&@ytemminckiihas a wide distribution that
spans all three Southern African biogeographicorgy(Cool temperate, warm temperate
and subtropical) that have been divided based mpéeature, geology and biological
interactions. The boundaries or transitional zobestween different biogeographic
regions may effectively act as barriers to genes f&s they have been shown to have a
profound influence on estuarine species composdiwhto govern distribution of fishes
along the South African coastline (Turpg al, 2000; Whitfield, 1998). Secondly,
although this species is widely distributed, ityipically only found in meadows of the
sea grassZostera capensiand sheltered embayments in shallow water legs 18am
deep. Such habitats tend to be scattered alongoéstline, often in sheltered bays that
may be separated from each other by unsuitabledtalaind ocean currents (Loueieal,

2005; Howard & Koehn, 1985). The lack of a dispersegg and larval phase and the
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weak swimming ability of adult pipefishes therefaugggest that movement within and
among estuaries is limited and that the life cyl¢his species commonly occurs over a
very localized geographical scale (Chenowethal, 2002; Howard & Koehn, 1985).
Therefore, it could be predicted that dispersal padulation mixing ofS. temminckii
among the estuaries that this species inhabitddoaillimiting resulting in the species

showing genetic structuring.

Therefore, the main objective of this chapter veaddtermine the phylogeography of the
two South African species @yngnathusising mitochondrial cytochromie sequences.
This was done by examining the genetic variabidtyd population structure among
populations ofS. temminckiandS. watermeyeriThe following specific questions were
addressed:

1. What is the amount of genetic variation within dretween the South African

populations?

2. What is the amount of gene flow between the spegmesilations?

3. Are the populations d&. temminckistructured geographically?

4. How could historical events have affected the prepepulation structures and

distribution of South Africatsyngnathuspecies?

The overall aim of this work was to present a hfpets on the historical
phylogeography oSyngnathuspecies in Southern Africa and to account fordineent
spatial distribution of cytochromle variation inS. temminckii Understanding how the
South African species @yngnathushave arisen should also increase our understanding
of estuarine and near-shore oceanic environmewtshenrole they play in fish dispersal

and survival.

5.2 Materials and methods

5.2.1 Study area and sampling design

Fish samples for pipefish sequencBgrgnathus acuendS. watermeyeyiwere obtained
from locations along the Southern African coastligee Figure 4.1 page 94). There were

40 individuals ofS. temminckiiand five individuals ofS. watermeyeravailable for
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analysis. The study area covered most of the pressmibution range of. temminckii
andS. watermeyeriDNA specimens 08. watermeyenvere only available from the East
Kleinemonde estuary because, specimens from otlstorical locations (originally
preserved in formalin) could not be used. Othecispens of the European population of
S. acuswere obtained from the North East Atlantic and Nexdanean Sea. The sampling
sites were identified according to their accestheomarine environment that is whether
permanently open or temporarily closed to the $base were also identified according
to biogeographical regions based on the biogeogragpiecies breaks observed by Turpie
et al's. (2000) analysis of South African coastal fish specbyngnathus temminckii
specimens represented two groups, region 1 = West ¢Kabeljous estuary to Luderitz
bay) and region 2 = East coast (Sundays to thetGisla) (see Table 4.1 page 94). Only
two biogeographical regions were available for @nalysis ofS. temminckidue to the
absence of specimens from the subtropical biogebgraegion (see Figure 4.1). Most of
the specimens recorded from this region have baaght offshore and could therefore
represent drifters dispersed from estuaries or lbgystrong ocean currents. There is
currently no conclusive evidence 8fngnathugpopulations in the subtropical region.
The Luderitz Bay and Berg estuary specimens wectuded with the West coast

specimens because of insufficient numbers fronttiod-temperate region.

5.2.2 Molecular biology techniques

The DNA extraction and amplification of the cytoohre b mitochondrial region was
performed according to the procedure described hapter four (Section 4.2.2).
Sequencing was performed in both directions usingA&| 3100 Genetic Analyser
automated sequencer (Applied Biosystems). Sequeear up and alignment procedures

are also described in Chapter 4, section 4.2.3.

5.2.3 Nucleotide polymorphism

The level of mitochondrial DNA polymorphism withpopulations was estimated both as
haplotype diversity i Nei, 1987Nei, 1978b), nucleotide diversityr:(Nei & Tajima,
1981) and as percent sequence divergence betwegdotypes using the statistical
package ARLEQUIN version 2.000 (Schnei@¢ral., 2000; Nei, 1978a). The haplotype
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diversity describes the number and frequency dériht haplotypes (segregating sites)
in the sample, while nucleotide diversity is them@ge number of nucleotide differences
per site between sequences (Kvist, 2000). Thesergiiy indices therefore describe the
DNA sequence polymorphism, and thus the amount efetic variation in the
population. The number of haplotypes observed and diversityhaplotypes was

calculated for each location 8t temminckiand for each species independently.

5.2.4 Intraspecific haplotype estimation

Intraspecific gene genealogies were inferred usimg different network construction
methods, all of them implemented in freely avakabbftware packages. A Minimum
spanning tree (MST) (Kruskal, 1956; Prim, 1957) f&r temminckiispecimens was
constructed using TCS version 1.13 (Clementl, 2000; Templetoret al, 1992) in
order to explore the genealogical relationships ramthe mtDNA haplotypes. This
method uses coalescent theory to determine thesliafi parsimony to define a set of
plausible connections among haplotypes that hawgreater than 95 % cumulative
probability of being true (Louriet al, 2005; Templeton, 1998;Templeton & Sing, 1993).
Networks are appropriate for closely related smedlecause they incorporate non-
bifurcating genealogical information of populatitevel divergences that is associated
with reconstructing relationships of closely rethteaplotypes/populations (Clemeeit
al., 2000). A haplotype network of the two South Admcspecies an8. acuswas also
constructed using NETWORK version 2.0 (Bandsltal, 1999; Bandelet al, 1995).
This program uses the median-joining network apgroahereby all MST'’s are first
combined within a single network following an algom analogous to that proposed by
Excoffier & Smouse (1994). Then, using the parsiynoriterion, inferred intermediate
haplotypes are added to the network in order tagedaverall tree length (Cassextsal.,
2003). This program was selected for the speciésanks because it can account for
distantly related sequences or connections amopigtiypes that have a large number of
mutational steps.
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5.2.5 Population structure, gene flow and genetic divergee

Population structure @) and migration rate (N were also calculated using
ARLEQUIN. These analyses were performed to exantiree distribution of genetic
variation and level of divergence among individualthin a population, among sample
locations, geographical regions and between theSwauath African species arfel acus
(Europe). kt measures the effect of population subdivision,clwhis the reduction in
heterozygosity in a subpopulation due to genetift @Wright, 1965). It is the most
inclusive measure of population substructure amddst useful for examining the overall
genetic divergence among subpopulations (Cassent 2003). kst values up to 0.05
indicate negligible genetic differentiation whereadues greater than 0.25 imply that
there is a lot of genetic differentiation withinettpopulations being analyzed. Seven
populations ofS. temminckiivere defined for this analysis: Great fish, KovKariega,
Kromme, Knysna, Swartvlei and Klein. Individualoorn Luderitz Bay and the Berg
estuaries were excluded from these analyses beadduasufficient sample sizes from
each of these locations. The groupings that hadhehigralues of & and were
significantly different from random distribution$ mdividuals were assumed to be the

most probable geographical subdivisions.

5.2.6 Neutrality and demographic history

The mean number of pairwise nucleotide divergeng&gsor genetic distances, ‘the
mismatch distribution was also estimated. Mismatitributions are useful in making
inferences about the historical demography of gge¢bchneider & Excoffier, 1999).
The distribution of the observed number of diffexes between pairs of haplotypes in
populations at demographic equilibrium is usuallyli/modal, whereas it is unimodal in
populations that have experienced a recent dembigragpansion (Durandt al, 2005;
Excoffier, 2001). Harpending’'s (1994) raggednesst tARLEQUIN) was used to
identify whether an observed mismatch distributreas drawn from small expanded or
stationary populations, which are characterisedsimall or large raggedness indices
respectively. The DNA sequences were also analywedest for departures from
mutation-drift equilibrium with Tajima’® test (Tajima, 1989) using ARLEQUIN. This

test is based on the fact that under the neutraleimaestimates of the number of
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segregating sites or polymorphic nucleotides per @) and of the average number of
nucleotide differencek) are correlated (Tajima, 1989). If the valueDofs too large or
too small, the neutral 'null' hypothesis is rejdctln a population with decreasing size,
the expectation ofajima'sD is positive, while a negative TajimdXsis predictedor a
population with increasing size (Aris-Brosou & EXoer, 1996). Under assumptions of
neutrality, the nucleotide diversity and numberpofymorphic nucleotides per sité)(
should be equal. If this is not the case, populatimaybe affected by selection, and other
processes like population expansion, bottleneckmotation rate heterogeneity (Aris-
Brosou & Excoffier, 1996; Tajima, 1989; Nei & Tajanl981).

5.2.7 Genetic diversity and distance

The relationship or the correlation between paiewWl, values and geographical distance
was performed to determine the extent of genefferéntiation among locations &.
temminckii that could be explained by geographic distancguRtions were geo-
referenced and pairwise geographical distances wadreilated in ArcView 3.2 (ESRI,
1999). Geographical distance was estimated as dhstal distance between pairs of
populations without crossing land and was measwedinear distance in km. A
significant association between genetic diversibd ageographic distance indicates
genetic structuring and that dispersal of individua populations is limited by spatial
scale (Vilaet al, 1999; Slatkin, 1985).

5.3 Results

5.3.1Nucleotide polymorphism

There were a total of 36 haplotypes defined by ddl¥morphic sites identified across all
three species for the 56 individuals analysed @dbll). The nucleotide divergences
among individuals of a species were slightly higasrongS. acus(0.13-6.59 %) than
amongsS. temminckii(0.13-2.3 %) ands. watermeyer{1-3 %) specimens. There was
substantial sequence divergence between the thpeees as is expected for well-
differentiated and structured populations that hbgen genetically isolated. This high

haplotype diversity value was due to the fact thast of the identified haplotypes were
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unique for each species and not shared among pg@mpuggoups.Syngnathus temminckii
S. watermeyerandS. acuseach had about 60%, 80% and 90% of their totalofygmes

as unique and not shared haplotypes, respectively.

Table 5.1: The number of individuals analysed (n), number afmorphic sites (N9,
haplotypes detected g}), cytochromeb haplotype diversityl) and nucleotide diversity
(=) indices for each species, all three species anddecies locations &. temminckii
andS. acusThe values of segregating/polymorphic sit®sahd of the mean number of

nucleotide differencek) are also indicated.

Species/location N N Npp 0 k h (+ SD) 7 (+ SD)

S. temminckii 40 23 22 5.17 4.59 0.96 +£0.01 0.0062 + 0.0002
S. watermeyeri 5 4 8 3.84 3.60 0.90 £0.16 0.0046 + 0.0014
S. acus 11 9 32 10.92 15.31 0.96 + 0.05 0.0206 + 0.0024
All species 56 36 141 30.70 37.64 0.98 £ 0.01 0.0507 + 0.0072
S. temminckii

Klein 3 1 2 0.67 0.67 0.67 £0.31 0.0009 + 0.0004
Swartvlei 8 8 7 3.08 3.32 0.96 + 0.08 0.0045 + 0.0042
Knysna 3 2 2 1.33 1.33 0.67 £0.31 0.0018 + 0.0008
Kromme 5 5 3 2.73 2.83 1.00 £ 0.03 0.0038 + 0.0037
Kariega 4 3 3 1.64 1.67 0.83+0.22 0.0023 + 0.0006
Kowie 5 1 2 0.48 0.40 0.40 £0.24 0.0005 + 0.0003
Great Fish 4 0 1 - - - -

S. acus

Bay of Biscay 6 7 5 3.07 2.73 0.93+0.12 0.0037 + 0.0008
Thracian Sea 5 4 4 1.92 1.80 0.90+£0.16 0.0024 + 0.0007

The nucleotide and haplotype diversities exhibitgd the S. acuspopulation were
significantly higher than South African speciesues. Nucleotide diversities among the
SA samples were estimated as 0.0065otemminckiand 0.004 foiS. watermeyeriThe
nucleotide diversity of the Europe&n acusspecies was approximately four times that of
the two South African species. The higher valueSoacug0.021) was due to the high
sequence divergences observed between its twogtams (Bay of Biscay and Thracian
Sea) suggesting a strong phylogeographic structitre. estimated nucleotide diversity
values for the locations &. temminckiandS. acus(range 0.0005 - 0.0045) were also
well within the ranges expected for populationsemptdor Swartvlei specimens which

exhibited a higher value (0.00448). It is also im@ot to note that values fér andk
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were very similar for most comparisons within a gege group indicating that there

maybe selection occurring within species popula&tion

5.3.2 Intraspecific haplotype estimation for the three spcies

The minimum spanning network for the haplotypethefthree species constructed using
NETWORK is shown in figure 5.1. A single line cowrte haplotypes, with the number
of nucleotide substitutions within species rangnmugn 1-3. However all the species were

separated by more than 37 mutations and conneiadissing haplotypes (mV).

Ekz EES
mw
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Ekz
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md

Figure 5.1 The haplotype network of cytochrontesequences of the three selected
species ofSyngnathus Circles indicate the haplotypes for each speagsfollows:
missing haplotypes®), S. temmincki{O), S. watermeyer(®) andS. acug®). Thick

lines indicate the connections between the spéaibesumber of substitutions > 37).

5.3.3 Intraspecific haplotype estimation for S. temminckii
A total of 23 haplotypes were detected for the dQuences that were analysed $r

temminckii(Table 5.2). Of the nine haplotypes that were sharaong individuals, only
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three were distributed in more than one locality: Was shared between the Kromme
estuary and Luderitz bay; H23 among Kariega andeKailss estuaries and False Bay;
and H15 between the Kowie and Sundays river estslaiihe narrow geographical
distribution of haplotypes among this species andber of haplotypes not shared
indicates that there is very little contemporarpg@ow between populations occupying
different estuaries. However, the fact that therfmee and Luderitz shared a haplotype
may indicate retention of ancestral polymorphisrhe Thinimum spanning network for
the S. temminckihaplotypes constructed using TCS is shown in éduf. A single line
connects haplotypes, with the dash across the Ibraepresenting the number of
nucleotide substitutions separating them (rangiomf1-3 in this network). An important
feature of the network is that some extant haplegygenerally serve as internal nodes,
and may be interpreted as surviving ancestral igmés that have differentiated into the
descendant haplotypes. This is because haplotypés the greatest degree of
connectivity have the highest probability of bethg oldest in the network (Crandall &
Templeton, 1993). Therefore, the haplotypes with thighest probability of being
ancestral were haplotypes H1, H15 and H18. Geogralphthese haplotypes are central
relative to the others. Another important aspethét there are many unique haplotypes
among the individuals studied 8f temminckiiThis could imply that the species has a
large population size or that purifying selectian dcting on the species (Innan &
Stephan, 2000).

Another important feature of the network were th® tclosed-looped connections of
haplotypes H1, H7, H8 & H18 and H1, H12, H13 & H1&o0ps in network analysis
define ambiguous, alternative and equally parsimamipathways connecting haplotypes
(Excoffier & Smouse, 1994). These could reflectvagence from independently arising
mutational pathways or a direct evolutionary pdthttmay not even have occurred
(Crandall & Templeton, 1993). For example in thewoek represented above, haplotype
H8 (Swartvlei) may have arisen by independent ranatin H7 (Swartvlei) and H18
(Kariega). However the most probable pathway fas Haplotype would be H7 as it is
most parsimonious being a basal haplotype froms#me location (Swartvlei). For the

other loop involving haplotype H13 (Knysna), thesnprobable and parsimonious link
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would be with H12 (Knysna) than with H18 (Kariegagjain due to the shared locality of
the two haplotypes and the reduced number of gubetis between them (2 versus 3).
There were two closed loops indicating ambiguousnections between some interior
haplotypes. Despite these ambiguities, these hgy@stwere resolved and instead nested
in the next higher-level clade according to Tengoleand Sing (1993) procedure for
dealing with ambiguity in haplotype relatedness.

Table 5.2 Distribution and numbers of individuals for eadentified haplotype (H1-
H23) of S. temminckiamong sample localities. Population abbreviatiolew table 4.1.

Haplotype LD BG FB KE SW KN KR KB SN KA KO WK GF

H1 2 - - - - -1 -
H2 S
H3 - - -
H4 - -
H5 - -
H6 - -
H7 - - -
H8 - - -
H9 - - -
H10 .- -
H11 - - e
H12 - - a2

1

P RRRPRRRE R ®W:!
1
1
1
1
1
1
1
1

H13 - - e
H14 - - e e
H15 e T
H16 S - e oo
H17 S - e oo
H18 S |

H19 e -
H20 - - e 1

H21 | -

H22 S - a2 - e -
H23 -2 -

Nindiv 2 1 2 3 8 3 4 1 1 4 5 2 4

Note: Haplotypes with the highest probability ofdgeancestral within the species are indicated
in bold
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Hs{ )

Figure 5.2 The haplotype network of unique®f and shared (mixed shadin®.
temminckii haplotypes. Circle sizes are proportional to theseoled haplotype
frequencies while lines on each branch are the eurob fixed substitutions between
haplotypes. The black circle mv@®] represents a missing haplotype and dashed imes i
the network indicate ambiguous connections (hapksyinterconnected forming a closed

loop that can be broken at several places).

5.3.3.1Geographic variation

For the second level of the analysis, biogeogragétails were added to the genealogical
relationships of the network among haplotypes asifpd in table 5.1 (Figure 5.3). The
results show that that there was a trend in theilgigion of haplotypes. Haplotypes
specific to an area were more closely related &h ezther only separated by 1 to 3
mutations. However, the haplotypes that were comtodooth regions or shared by more
than one individual were situated near the middi¢ghe network and had many more
descendants. Most of the haplotypes at the tipseobranches were represented by single

individuals and confined to one locality as would bxpected if these haplotypes
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represent the most recent divergences. This phytgehic analysis does not
demonstrate geographical structuring between the regions based on the available
data. It however shows a trend of some geograpbktoatture among the populations of
S. temminckiin South Africa. The presence of West coast hapkgy(H2 & H21-23)

within East coast lineages suggests that eithee tisesome recent gene flow occurring
with individuals occasionally mixing between thajimns or that there is retention of

ancestral polymorphisms.

Figure 5.3 The haplotype network showing the distributiorSoftemminckihaplotypes
across biogeographic regions. East coa§d) &nd West coast@®). Circle sizes are

proportional to the observed haplotype frequendibd (@) is a missing haplotype.

5.3.3.2Access to sea

The accessibility of the locality to the marine eamment was plotted on to the network
to identify whether this was significant in detenmig relationships through gene flow
among populations db. temmincki(Figure 5.4). It was also observed that most of the

haplotypes at the tips of the branches were franpteary open systems that do not have

133



permanent access to the sea. Most of the inteaqabtypes that could be classified as
being basal or ancestral within the species wema fpermanently open systems or bays
that have open access to the sea (e.g. Karieganfeoand Kowie). Of the three
haplotypes that were shared among locations, tw&8 (&hd H1) were shared between
permanently open estuaries and the only two baglitas, False Bay and Luderitz Bay.
It may be hypothesized that historical dispersaihef species could have been from the
marine environment into estuaries where subsediieetsification could have occurred.
However, though the haplotypes show biogeograptnictsire, the small samples sizes

for most locations limit the phylogeographical irgiece that can be made on this species

Figure 5.4 The haplotype network showing the distribution ldplotypes ofS.
temminckiiaccording to access to the marine environmentagégtypes are indicated as
follows: Temporary open system@®j] and Permanently open acce§s)(Mvl (@) is a

missing haplotype.
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5.3.4 Population subdivisions

The estimated components of genetic structurergdieirom dispersal parameters among
populations of the three species were very higler@gye kr = 0.898 and N = 0.03)
(Table 5.3). These observed high values &f $uggest incomplete homogenization of
populations due to lack of gene flow among the igsepopulations. The interspecific
haplotype estimation of the three species alsocatdd that the amount of gene flow
between the three species was very low. This stggbst the three species are
genetically distinct and have been geographically geproductively isolated from each
other. The low I, value also suggests moderate levels of gene flahtlzerefore some
degree of isolation among the populations (Templett998). The number of fixed
differences was high ranging from 45 — 76 also estigg genetic differentiation among

the three species.

Table 5.3: Nucleotide diversity for the three study speck.= fixed differences; SM =
shared mutationk = average number of nucleotide differences betvpegrulations;
= number of net substitution per sitgir= genetic divergence among populations; and

N = number of migrants per generation.

Species SM FD k Da Fst Nm

S. temminckix S. watermeyeri 0 39 49.15 0.061 0.9170.025
S. temminckik S. acus 0 65 87.46 0.104 0.8860.033
S. watermeyert S. acus 0 76 94.29 0.114 0.9000.029
All three species 0.8980.030

The amount of genetic variance partitioned amorg populations and the genetic
distance measures indicate significant populatidrdvisions within these speciesstF
was high for the twé. acugpopulations (0.9108) and ranged from 0.286 to 0189%.
temminckii populations. However, the overalk#Fvalue of 0.68 obtained for the six
analysed populations o%. temminckiisuggests that gene flow among the various
locations of this species is restricted (Table .5@gne flow levels among adjacent

populations showed a trend with locations closesich other having related haplotypes.
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Table 5.4: Population subdivision statistics for the overadingtic divergence among
subpopulations @) andgene flow (N,) for populations of two speciess (upper right

matrix) and N, (lower left matrix).

Location GF KO KA KR KN SW BB TH
S. temminckii (0.678)

Great fish 0.889 0.583 0.622 0.895 0.775

Kowie 0.031 0.294 0.545 0.634 0.740

Kariega 0.179 0.337 0.333 0.743 0.630

Kromme 0.152 0.209 0.500 0.286 0.453

Knysna 0.029 0.041 0.086 0.184 0.698

Swartvlei 0.073 0.088 0.146 0.302 0.108

S. acus

Atlantic ocean 0.911
Thracian Sea 0.0245

5.3.4.1lsolation by distance

An isolation by distance analysis was done to complfferent estimates of gene flow
between population pairs &. temminckii(Table 5.5). There was a positive although
statistically insignificant correlationr{ = 0.36: P > 0.05) between genetic and
geographical distance among the six populationsweltidst pairwise comparisons were
included (Figure 5.5). However, this correlationswsignificant (> = 0.86: P < 0.05)
when only kr values between sites more than 50 km apart wineteded. This pattern
of isolation by distance over such a small geogcgplscale suggests that movement by
this species is generally restricted to very skistances. The high values observed for
proximate estuaries are also not surprising siheset estuaries may also be separated
from each other due to temporal characteristicke lopening phases and local
oceanographic factors. Therefore, the results aeflacomplete homogenization of

populations due to incomplete flow of genes am®&ntemminckipopulations.
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Table 5.5: Estimated distances (Km) among the nine populatioh$&. temminckii.
(Standard error £ 5 Km)

Location LD BG FB KE SW KN KR KB SN KA KO WK

Berg 712

False bay 1132 420

Klein 1224 512 92

Swartvlei 1689 977 557 465

Knysna 1719 1007 587 495 30

Kromme 2041 1329 909 817 352 322

Kabeljous 2081 1369 949 857 392 362 40

Sundays 23311619 1199 1107 642 612 290 250

Kariega 2416 1704 1284 1192 727 697 375 335 85

Kowie 2439 1727 1307 1215 750 720 398 358 108 23

W. Kleinemonde 24521740 1320 1228 763 733 411 371 121 36 13

Great fish 2462 1750 1330 1238 773 743 421 381 131 46 23 10
1.0
0.9+ u u]

0.8+

0.7 +

0.6 -

0.5+

FST

0.4 ¢

0.3+

0.2+

0.1}

0.0

B < 50 km apart
oo > 50 km apart

300

400

Distance

(Km)

600 700 800

Figure 5.5 Isolation by distance among sB8yngnathus temminckiopulations. Note:

pairwise comparisons between sites less tlBnaf greater than{) 50 Km apart. The

Regression line is fitted for comparisons of popales more than 50 km apart.
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5.3.5 Population demography of the three species

Pairwise mismatch distributions and results of Majs D-test for each species are given
in figure 5.7. AlID values obtained from the tests were negative andignificant P >
0.05) ranging from —0.440 f@. temminckjiand —0.374 fos. watermeyeriThe negative
values obtained indicate a high number of uniqueldtgpes in the populations. This
negative value also suggests that either purifgmgction is acting on the species or that
both populations have experienced recent populagigpansions (Innan & Stephan,
2000). The estimated value fSr acuswas also insignificant though positive but greater
than zero (1.86). This suggests that this populatiay have undergone a bottleneck
because most of the heterozygosity is due to allglenoderate to high frequency, which
are not those likely to be lost in a bottlenecke3éresults suggest that the hypothesis of
neutral evolution of Tajima’®-test for these species can be rejected becausered

species populations have undergone either seleatidfor population expansion events.

The mismatch distribution (Figure 5.6) for tise temminckiisamples was unimodal,
further suggesting population expansion of thi<sse However the observed mismatch
distribution forS. acusvas bimodal and covered a large range of pairdiféerences (0-
30). The first mode showed intra-site differencéBB and TH specimens, while the
second mode with larger pairwise differences is tu@airwise comparisons between
specimens from the two locations (inter-site). Téyeparent population expansion,
suggests that the two populations have recentlyengmhe range expansion on a
sufficient scale after genetic differentiation. Tinesmatch distribution of. watermeyeri
also shows evidence of population expansion witiia East Kleinemonde estuary
though these results cannot be interpreted witHidemce due to a low number of

specimens available for this species to show psgwomparisons.
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Figure 5.6: The observed pairwise mismatch distributions fgochromeb sequences of
S. temmincki{A), S. watermeyerB) andS. acugC) for all of the individuals and the
expected distribution model under the assumptioorestant non expanding or declining

population. Tajima’'® value is given for each speciésX 0.05).
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5.4 Discussion

5.4.1 Interspecific haplotype networks

This study found phylogeographic structure in tif®chromeb mitochondrial region of
SA pipefishes and species 8yngnathus The nucleotide and haplotype diversities
exhibited among the SA samples were significanifjhér than theS. acuspopulation,
but within the range reported for other specieSwignathidae and mtDNA genes. The
networks of the haplotypes exhibited significanpart for distinct geographic clades
and species. All the diversity indices and sequeticergence values obtained showed
significant differences in mtDNA diversity amongettthree species. The minimum
spanning network for the haplotypes of the threecis showed that the number of
nucleotide substitutions within species ranged fie8) while species were separated by
more than 37 mutations or connected via missindgohgpes (Figure 5.1). There were no
shared mutations among the three species with uh#er of fixed differences among
them ranging from 45-76. A minimum threshold of @p@mately one-tenth of the
average p-distance found between well-establispediss in a lineage where more than
a single individual per species has been sequemagdbeen interpreted as intra-specific
variation (Monaghart al., 2005). However, Davis & Nixon (1992) have suggedtet
evolutionary lineages become candidates for spedmren at least one character state is
fixed in one group and absent in the other (Joh&dardan, 2000). However various
authors have suggested that DNA sequence informatiould on be used for species
delimitation if fixed DNA differences are supportbg other source of taxonomic data
such as geographical, morphological, ecologicalpraguctive and behavioural
information (DeSalleet al., 2005; Wiens & Penkrot, 2002). Therefore, as thedaes
correspond to maximum intra-specific divergences nmtDNA of 1-2% between
morphologically divergent groups, the specimen$.ofemminckiandS. acusappear to
represent reproductively isolated groups that wr@assification as distinct species
(Monagharet al, 2005; Avise & Walker, 1999)

Although inadequate sampling can falsely desigrsgiecies candidates (Templeton,

1998; Davies & Nixon, 1992), the sample sitesSotemminckiand S. watermeyerare

geographically representative of each species (it 1998; Dawson, 1985) and
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therefore overwhelmingly satisfy the candidateecidt Though the entire distribution
range ofS. acuswvas not available for analysis, the presence ofgeographically distant
populations was sufficient. Templeton (1994, 198@phasized that a population genetic
approach must be used to identify species and staael the causes of speciation.
Evolutionary lineages defined as species must €lptylogenetically distinct, (2) show
no recent gene flow, and (3) demonstrate ecologicalemographic limitations to
reproduction and therefore genetic exchange (Johr&salordan, 2000; Templeton,
1989). ThereforeS. acus, S. temmincland S. watermeyersatisfy criteria 1 and 2 as
they all have phylogenetically distinct evolutidgdineages with little or no gene flow
among them. It could also be suggested that it} can be satisfied f@. acusandS.
temminckii populations as these populations are spatially twedefore ecologically
isolated. The observed values fbandk were very similar and thus also indicated that
selection maybe occurring within and between pdpra. This is expected as the
distance between the two SA species 8ndcusas well other species 8fyngnathusnay
prevent juvenile dispersal and gene flow. Furtheendhe estimated component of
genetic structure inferred from the dispersal patem N, (humber of migrants) among
populations of the three species was very low @yel, = 0.03) (Templeton, 1998).
This low N, value also suggests that speciesSghgnathusre not effective dispersers
over large spatial scales as there have been mmmamxchanges of fish or juveniles

between these specie’s populations.

The estimated nucleotide diversity values (ran@®@b-0.0045) for the locations &.
temminckii and S. acuswere also well within the ranges expected amongcisp
populations that have been geographically isolal@te nucleotide diversity of the
EuropeanS. acuswas approximately four times that of the two SoAthican species.
The higher value for the two populations 8f acus(0.021) indicates a strong
phylogeographic structure within this species. Tpis/logeographic structuring was
evident in the minimum-spanning network as the ¢igpes from the Bay of Biscay
(Atlantic Ocean) formed a unique lineage from thleratian Sea (Mediterranean)
haplotypes. This deep phylogeographic break betwlesese two populations that do not

share haplotypes suggests that there has beermgy#elon barrier of gene flow between
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them resulting in isolation. There were also twesgible links connecting these two
locations implying convergence or that there mayehaeen two colonisation events to or
from the Atlantic and the Mediterranean. Thewatermeyerspecimens were genetically
diverse although only a few individuals were anatydor this species. Some of the
haplotypes of this species (EK8 & EK5) were semataby 4 substitutions, also

suggesting remarkable diversity within this species

5.4.2Intraspecific haplotype tree for S. temminckii

According to Hewitt (1999) “population structuretie distribution of genotypes in space
and time, and is the result of both present praseasd past historical events that limit
gene flow between populations.” The population @tring of S. temminckiiwas
relatively structured when compared wih watermeyerbut less structured than that of
S. acus The high kt values obtained for the tw®. acusandS. temminckipopulations
suggests that gene flow among the various locatiminshese species is relatively
restricted. The narrow geographical distributionhaplotypes among this species and
number of haplotypes not shared indicates thaetisevery little contemporary gene flow
between populations occupying different estuaridss was expected as pipefishes are
considered to be relatively sedentary as they atecapable of independent strong
locomotion and are thus unable to actively dispecsether estuaries via the marine
habitat. The mean home distance of pipefish caesbimated as 100-200 m based on the
study of S. typhle(Vincent, 1995b). The results also suggest thaetheay be isolation
by distance over that geographical scale occur@mgong the populations o08.
temminckii These six populations showed a positive signiticeorrelation between
geographical and genetic distance when oghwglues between sites that were separated
by more than 50 km were included (Figure 5.6). €hemas a significant association
between haplotypes and sample sites as haplotpeesis to a region were more closely
related to each other and were only separated toy3lfixed mutations. This pattern of
isolation by distance over such a large geograpbaae is common among syngnathids
and suggests that movementSftemminckiindividuals is generally restricted to very
short distances with little dispersal between disestuaries. (Louriet al, 2005; Teske

et al, 2004).
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An important feature of the network is that someéaek haplotypes serve as internal
nodes that are usually regarded as surviving aratéstplotypes (Crandall & Templeton,
1993). These haplotypes could represent convergdérma independently arising
mutational pathways or a direct evolutionary pdthttmay not even have occurred
(Crandall & Templeton, 1993). Slight molecular sgpians in the network may reflect
more recent population subdivisions, whereas deégigisions may be evidence of a
major source of intraspecific evolutionary gene Ipdoversity (Avise 1992). The
haplotypes that were common to the west and east cegions or shared by more than
one population were situated near the middle of nkevork and had many more
descendants. Most of the haplotypes that were attips of the branches were
represented by single individuals and confined e tocality as would be expected if
these haplotypes represent the most recent diveegerHowever, there has been
sufficient recent gene flow occurring within thipesies with individuals occasionally
mixing between the regions, as there was no cleagmphical pattern with some
haplotypes being shared by the two regions. Thé Ikg values observed for some
proximate estuaries are likely to be a consequehtieese estuaries being separated from
each other due to temporal characteristics, likenoy phases and local oceanographic

factors.

The results also suggest that accessibility ofltlcality to the marine environment is
significant in determining relationships among ldess of S. temmincki(Figure 5.5).
Though some estuaries are close to each othemthgybe affected by different opening
phases as well as local currents and geographyriémaprevent gene flow between them.
It was also observed that most of the haplotypebaeatips of the branches were from
temporarily closed estuaries or systems that ddhawé permanent access to the sea. On
the other hand most of the internal haplotypes ¢batd be classified as being basal or
ancestral within the species were generally frommp@ently open systems or bays that
have open access to the sea (e.g. Kariega, Kromth&awie). If we assume that there
is no difference in the dispersal ability of theviee in the ocean among the localities, the
factor affecting the isolation between the popolati of S. temminckimay be a lack of

estuaries and sheltered bays along the coastretiffepening and closing phases, as well
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as local currents and gyres in the oceans that pudlvent fish from dispersing and
settling. This suggests that historical disperdate species could have been from the
marine environment into estuaries where subseqiigatsification after isolation must
have occurred. This pattern of genetic structuggests that there may have been past
fragmentation and/or long distance colonisatiomieen regions followed by subsequent
isolation among locations @&. temminckiiLourie et al, 2005). However, though the
haplotypes show biogeographic structure, the ssaatiples sizes for most locations limit
the inference that can be made about the phylogpbgr structure of this species as the
potential causes of this genetic variation canmotrtferred. There is need for adequate
sampling of all geographical locations in orderidentify and distinguish the various
factors influencing spatial distribution of geneticariation among populations
(Templeton, 1998). Therefore, the major conclusitias can be made are that the results
reflect incomplete homogenization of populationse do incomplete flow of genes

among all populations @&. temminckii

5.4.3 Demographic history

The mismatch distributions, Nvalues, and the negative values obtained for Eagm-
test forS. acusandS. temminckiare consistent with past population expansionsgame:
flow. Recently founded populations should show signature of a rapidly expanding
population, because they are unlikely to have read@n equilibrium between haplotype
diversity (mutations) and genetic drift (demograpbhanges) (Wares & Cunningham,
2001). There was a high number of unique haplotypdésese two populations and this
suggests that purifying selection may also be gabim these species (Innan & Stephan,
2000). The unimodal mismatch distribution (Figur&’)5for S. temminckiifurther
suggests demographic changes some time in theélpasgh selection and/or population
expansion events among populations of this speltibgs been observed that the major
global climatic and environmental changes of thateunary (i.e. glacial periods and sea
level changes) that induced habitat change apme&ave affected the evolution and
distribution and demographic history of varioushfigroups (Wares & Cunningham,

2001). This distributional concordance across figka suggests that the geographic
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ranges of extant lineages have generally gone ghraupronounced shift through time in

response to common vicariant events.

South African estuaries have almost all originatefbrmerly incised bedrock valleys cut
during periods of lowered sea levels during thedeine and Pleistocene epochs (Patridge
& Maud, 2000). The entire Pleistocene Epoch (1.8aMyp 10,000 years ago)
characterized by various climatic oscillations arytles of glaciation and melting
signifies such vicariant events (Appendix VIII)dinations are that sea level fluctuations
have played an important role in the ecology, gepmology and archaeology of the
Southern Africa region, and that the resultant @asnvironments may have been
subject to rapid change (Baxter & Meadows, 199%peoet al, 1999). The sea level
rise before the Holocene, by approximately 130 rou&ald 3,000 years ago, during the
maximum of the penultimate Glacial and the sealldeeline to about 120m below the
present sea level during the Last Glacial Maximlw@N1) are important for the present
geographical and environmental conditions of therosunding landscape of South
African estuaries (Patridge & Maud, 2000; Coogkal, 1999). Semi-enclosed estuarine
conditions evidently occurred frequently durings@eeriods as sea-level rise overtook
deposition in the estuaries and created new habitgulting in either temporary or

permanent marine incursions by fish species (Ba&tgleadows, 1999).

These periods of estuarine formation combined wiHriable temperatures and
precipitation levels, together with strong climdtactuations, may have led to the
diversification of the two South African pipefisipexies that were estimated to have
evolved during the Pleistocene. While high sealtewsay have improved connectivity
and encouraged the dispersal of these pipefishesarious locations, low sea level
changes may have affected the connectivity betwestnaries and encouraged the
isolation of South African populations &yngnathusThese habitat changes may have
also affected the viability of these populationsvadl as their chances for population

expansion or reduction.
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5.4.4 Conclusions

The South African species @yngnathusare significantly differentiated genetically
throughout their distribution range with the highdsgree of differentiation found within
S. temminckiiThis implies that gene flow and dispersal arericteti among this species’
populations. The positive correlation between gerdiversity and geographical distance
between localities suggests diversity is linkedswmlation. If the geographic range of a
species is large relative to its dispersal poténtieen isolation will lead to divergence
between subpopulations (Grosberg & Cunningham, R@Béne flow may be restricted
due to the oceanography of the South African coesths well as the poor dispersal
ability of pipefishes. The trend in the geneticatsity with the observed high gene flow
values suggests restricted gene flow and isoldijoristance among South African
populations. The mismatch distributions also supgbrs hypothesis and point to
population expansions in these two species aftdatisn. However, there is need for
further molecular analysis of the two South Africgpecies populations to shed more
light on the phylogeographic patterning of thesecggs. These results are congruent with

the morphological data in which no clear geograghipattern was evident.
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Chapter Six
General Discussion

6.1 Introduction

The aim of this study was to analyse the SouthcAfrispecies oSyngnathuausing
biological, morphological and genetic data. Thisswd@ne by comparisons with closely
related species of the genus in order to draw derence about the evolutionary
processes that may have led to the diversificatibByngnathusn South Africa. This
comparative procedure was selected because intssdrmm comparing closely related
species have provided the basis of the conceptuaidition of the present views on
speciation among fishes (Helfmah al, 1997; Berminghanet al, 1997; Meyer, 1993;
Smith, 1963). However, although the origin of spear ‘speciation’ is a central issue in
evolutionary biology, there is no single recognizedchanism of speciation (Coyne &
Orr, 2004; Brooks & McLennan, 2002; Mayr, 1963)thslugh species are fundamental
units in studies of evolution, ecology, phylogeagd conservation biology, surprisingly
little attention has been paid to the methods atd dsed to recognize and delimit them.
Questions on what species are and how they aresthrwhether species exist as discrete,
objective entities or as purely arbitrary constsumt whether they are an artificial term of
convenience remain contentious (Coyne & Orr, 200#ner, 1999). This is more so for
fish species for which basic assumptions of theouar species concepts are violated.
Clonal inheritance of nuclear genes occurs in sgviareages and hybridizations are
frequent and often lead to introgression (Turaeml, 2001; Pyle & Randall, 1994).
Furthermore, research into the ecological, genand behavioral changes during
speciation is difficult because the process is liswmly identifiable after observing
divergence (McPhail, 1994).

The aim of this discussion is to summarize thegpast of divergence that were observed,
the distinctiveness and position of South Africgmefishes in the phylogeny of the genus
Syngnathususing the various systematic procedures. Spec@xepts and their

applications for fish studies have already beewudised by various authors (Coyne &
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Orr, 2004; Brooks & McLennan, 2002; Turner, 1999pwever, few specific criteria or
methods for species delimitation have been prop@fedpleton, 2001; Wiens, 1999;
Davis & Nixon, 1992), and these criteria are rasghted explicitly by empirical workers.
This discussion is based on an adjustment of thgothetical speciation flow chart
defined by Brooks and McLennan (2002) on the discp\and evaluation of species as
taxonomic units (Appendix IX) and the steps defined Templeton (1989) for
evolutionary lineages defined as species. Theseedures were selected as they
encompass morphological, behavioural, reprodudiivecological information in testing
the null hypothesis that there is no differentiatietween two geographical entities. The
guestion of how and why species are produced aidréproductive isolation from other
species are only considered after a rigorous sefochdiscontinuities in characters
between species using a set of criteria (Append)xtd give a robust and clear species
description. The South African speciesSyngnathusvere evaluated using information
from a historical perspective via morphological ajaphylogenetic trees (genetic
analyses), and biological and ecological data plexiin the previous chapters. This was
done to present a hypothesis regarding the spatigitfocess and the phylogenetic

relationships among various speciesghgnathus

6.2  Are the species units phylogenetically distinct?

6.2.1 Morphological divergence

Significant differences among the analysed 11 maggical characters using both
univariate and multivariate analyses were idemtifietween the three species examined
in this study. The results therefore supportedny@othesis that the three species groups
(S. temminckii, S. watermeyaand S. acu¥ have diverged from each other in their
morphology. The extent of differentiation was ithadéed by the scatterplots of the PCA
and DA analyses of all the species in which theas no overlap between individuals of
S. watermeyeriand S. temminckii(Figure 3.11). There was congruence between the
unadjusted and adjusted data sets resulting irsdh@e species group segregations for
both procedures. Size was observed to be an immtodfining character as it was
significant in separatin®. watermeyerirom the other two species. Therefore, size may

thus be significant in separating adult specimenspecies ofSyngnathusit has been
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suggested that size may bias statistical analysisophological data if not corrected for.
Syngnathus watermeydrad a much shorter snout (as % of SL), lower nurabén rays
(pectoral and dorsal) and body rings (trunk and) tdian the other two species.
Specimens of the South Afric&h temminckiwere more morphologically similar to the
geographically distant population 8f acusthan the more proxim&. watermeyerilt
was thus a combination of different characters wWes significant in separating the three
species groups. Phenotypic diversification throwggther genetic differentiation or
phenotypic plasticity can drive microevolutionaryhange within a species and
consequently lead to speciation (Langerheingl, 2003). The different environments on
the South African coastline and their effects ospdrsal and differential adaptation as
well as the spatial distance between the speciespgr may explain some of the
morphological differences observed. The two SoufthicAn species and. acusare
geographically separated from each other such tihey are exposed to different
environments and hence selection pressures. Theoemental factors or local habitats
are critical in promoting morphological variatiog they may promote or limit gene flow
and therefore population mixing (Turan, 2004). Tierphological differences observed

were sufficient to support the recognition®ftemminckias a distinct species.

6.2.2 Genetic divergence — Molecular Phylogenetinalysis

The major aim of this study was to determine thenamic status of the disjunctly
distributed South African species &yngnathusby reconstructing their evolutionary
history using a phylogenetic tree. The phylogenete of cytochromé gene sequences
of 12 species oByngnathusesulted in a well-supported monophyly of the geand
featured various distinct mitochondrial lineageattivere separated from each other by
about 3 to 21 % nucleotide divergence. Individuatsnf different localities across the
range of all the three species as has been sudd®stearious studies (Monaghahal.,
2005; Goldsteinet al., 2000; Walsh, 2000; Davies & Nixon, 1992) were uged
distinguish variation within a species from vaatibetween species in order to identify
those characters that are uniquely shared amonygeatibers of a species. The diversity
indices and sequence divergence values obtainedeshaignificant differences in

MtDNA diversity among the three speci& (emminckii, S. watermeyemd S. acup
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with no shared mutations while the number of fixditferences among them ranging
from 45-76. These specific fixed differences areldbnetic divergence were also in the
range that is considered sufficient for speciesighesions (Monagharet al., 2005;
Edwards & Beerli, 2000; Kocher & Carleton, 1997 vi2gs & Nixon, 1992). The fact that
these taxa showed great divergence in geneticndistand together with the evidence
obtained from the morphological analyses is suggeshat there may be unrecognized
taxonomic diversity present. The molecular idecdifion of the two South African
species has implications for the systematics aaddakonomy of the genus. First of all,
the high sequence divergence values observed he®vescusandS. temmincki(11%)
specimens indicate that these two taxa are disspeties. Althougts. acusand S.
temminckiiare descended from a recent common ancestorwihespecies have been
genetically isolated with no gene flow between th&acondly, the cytochronteresults
showed thatS. watermeyeriis nested withinSyngnathusas a sister taxon o08.
temminckii

The phylogeny further suggests that the two Africpecies are closely related to the
north-eastern Atlantic species and may thus bewtref dispersal from this region. The
tree showed a clear divergence between the eaBtaific S. leptorhynchysand the
Atlantic and Mediterranean species. However, thees little support for the node
joining the two Atlantic populations @yngnathugWest and East), such that it therefore
appears that these two groups may have divergedlyapver a short evolutionary
period. The basal position of the Pacific AmericA&nleptorhynchusand the other
American (North Western Atlantic) species is coresiswith the idea that the ancestor of
the genusSyngnathusnay have originated from the Americas or that thigion reflects
ancestral polymorphisms (Fritzsche, 1980). The Hgrersity of Syngnathusspecies
within the Atlantic may be evidence that they actively evolving. To date 20 valid
species have been recorded from the Atlantic regioost of which are separated by
small morphological differences. Therefore, theevtsd levels of sequence divergence
and the phylogenetic tree suggest that the datlaeoi2 species represent long separated
distinct species and diverse evolutionary histonghin Syngnathus.
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The genetic and morphologic data reveal the exgstefi two groups ofS. acug South
African and north-eastern Atlantic, and some ewgenf genetic divergence between
Mediterranean and AtlanticS. acussamples (Figure 4.9). Further understanding afehe
inter-basin relationships must await broader samgpthroughout the distribution range of
this genus. Collections of potentially more molecwdenetic data such as microsatellites
with higher mutation rates (Meyer, 1993) and phgisiagging programs designed to
measure long distance movements of pipefishes woeldseful in understanding these
species. Mitochondrial DNA is an ideal marker forehge diagnosis because isolated
populations should achieve reciprocal monophyly en@pidly for mtDNA than nDNA
due to the smaller effective population size of MfDunder ideal conditions (Glaat al,
2004; Wiens & Penkrot, 2002). Since this genus nm®wn for its morphological
conservatism (Kuiter, 2000; Dawson, 1985), it ispdthesized that although
morphological characters are useful they shouldisesl together with genetic methods
for full systematic resolution among pipefishes. rMwlogical stasis (i.e., the lack of
significant morphological change in a species ol#rg periods of time) has been
suggested as a common phenomenon among pipefidtmsie( et al., 2005).
Furthermore, the morphological and meristic chamacof pipefishes have not been
studied in an evolutionary context, such that thiduénce of selection on phenotypic
expression is still unknown. Exploring the genedicd environmental basis of the
observed morphological patterns is important andukh be the next step in the
investigation of the divergence observed in thedlspecies, as it would define whether
the selected morphological characters are indepmendé non-heritable variation.
Although molecular data sets could likewise haus flaw, discovering the flaw and
finding appropriate alternatives are likely to baah easier than for morphological data
sets (Hillis & Wiens, 2000).

6.3 Do the species show any degree of geographiedap?

This is an important question to consider whenmsiishing between species because of
the influence of geography on speciation. Poputatihat are continuous and widespread
and overlap geographically have a greater chandespérsing and of mixing where they

come into contact (Turan, 2004). Dispersal and [adjmn mixing are important for
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speciation as they encourage individuals to trargf@etic material between gene pools
and therefore constrain adaptive diversificatiod #re process of speciation. The genetic
distinctiveness and morphological divergence thetliNeastern and Mediterranean
populations ofS. acudrom the two South African species was supportethe data, as
there is no geographical overlap between these lgibgus. Furthermore, the disjunct
distribution and spatial isolation of the two Sowthican species from all the other
species of the genus was also significant. Thenastid average Nand Fst values of
0.03 and 0.89, respectively were very high and ssigdhat there is incomplete
homogenization of populations with little or no geftow between these species. These
high values were also indicative of genetic divargeeamong the South African species
(Slatkin, 1985).

The results also showed that South African pipefisiare highly restricted in their
dispersal by geographical distance, as there wass#ive correlation betweensfand
distance between localities. The level of morphialgdivergence between different
localities also tended to increase with increasipgtial distance. It has been suggested
that dispersal and consequently gene flow amongfigip populations occurs primarily
by drift via currents or moving seaweeds, as tliskeare poor swimmers (Tesk al.,
2004). AlthoughS. temminckiiis distributed throughout the South African cdastl
dispersal of pipefish may be restricted due topdeuliarities of complex oceanographic
circulation patterns of the Agulhas Current (Lugehset al, 2003; Olivar & Beckley,
1994). The high dispersal parameters were alscepvidetween the two South African
species and also imply low levels of migration #merefore reduced gene flow between
these species. As the two South African speciesnatesolated from each other by
geography or physical barriers to gene flow, oikelating factors must be involved in
the genetic differentiation between these spediegpulations ofS. temminckiiwere
estimated to exchange one individual migrant peeettgenerations, and therefore are
expected to diverge mainly by neutral processels aagenetic drift. The major selective
forces that may have contributed to the divergevfcthese species may be similar to
those that have been identified for other fish sgelike sticklebacks and cichlids such as

selection on ecological traits, sexual selectiod ganetic conflicts (Johnson & Taylor,
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2004; McKinnon & Rundle, 2002; McPhail, 1994Koch@004). Another interesting
result was the genetic divergence between the tpulption groups 08. acughat are
geographically isolated from each other by the iSoh Gibraltar. It is not clear how
distinct these two populations are from each othenvever, geographic groups or
allopatric populations are generally consideredbéoat various degrees or stages of

speciation (Turan, 2004). Allopatry views?

6.4  Are the species reproductively isolated from eh other?

The significance of reproductive isolation as a n@ism for defining species is well
supported (Coyne & Orr, 2004; Brooks & McLennanQ20Mayr, 1963). Reproductive
isolation is the process that promotes the maimemaf the integrity of well-balanced
and harmonious gene pools (Via, 2002). It prevdrgshomogenizing effect of gene flow
and therefore the mixing of different gene poolsdiferent populations. Although
reproductive-isolating mechanisms will not alwaysyent the occasional interbreeding
of non-conspecific individuals, they neverthele$te@ the complete fusion of such
populations (McPhail, 1994). Various factors such differences in the time of
reproduction, and mate recognition and fertilizatimatterns have been observed to be
significant in discouraging mating between pipefsgiecies (Vincent, 1995b; Howard &
Koehn, 1985). The extent of the male brood poucteld@ment among syngnathids has
been linked to the evolutionary history of this fhnfWilson et al, 2001; Helfmaret al,
1997). Furthermore, these fishes represent arestiag evolutionary model as they have
evolved sex roles that are reversed, with femal@speting for males. This may
therefore imply that sexual selection and reprasglactisolating mechanisms are
significant and may have played an important raletie speciation of syngnathids.
Therefore using reproductive isolation as a medmnifor defining species of
Syngnathusshould be useful in defining the mechanisms ofcispien among these

species.
The results of the haplotype analysis among theetispecies (chapter five) suggest that

these species are reproductively isolated from etiodr. The data revealed no evidence

of hybridization between individuals of the thrgesies with very little or no gene flow
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reflected by very low N values (0.03). The species were genetically distivith more
than 30 mutations for comparisons between any epguir. There was no overlap in the
morphological analysis between the two South Afrispecies, suggesting that there is
no hybridization or that if there is, it is not lexfted in the morphology. Although there
was an overlap in morphological characters betw&enacusand S. temminckji
reproduction isolation can still be proposed as tu¢he geographical separation and

genetic divergence between these two species pgamnda

The results of this study (chapter two) showed thaarge number of newly hatched
young, gravid females and pregnant males of the 8@ath African species were
abundant in spring and summer with reduced numhbettse winter months. It therefore
appears that the timing of reproduction may notabeause for reproductive isolation
among the species, as the two species breed aathe time and thus would be able to
interbreed if they come into contact. Howeverldits known and could be deduced from
the biological data about the nature of the repetdn isolating mechanisms between
these species. Detailed fieldwork and laboratorykvad organisms in their environment
is required to determine which characters realijpence reproductive isolation. Most of
the work that has been done on examining premdsotion mechanisms among
pipefishes ofSyngnathushas depended on field survey observations andrdédry
experiments of mate choice (Vincent, 1995b; BergJuh993; Ryer & Orth, 1987,
Gronell, 1984). Experimental tests of these assmgtare difficult to carry out and
male preference functions are difficult to measa|t is hard to predict which of the
several female characteristics, are attractivenermales. Assembling a group of such
studies in an array of taxa, would allow researchemake generalizations about which
characters most impede gene flow in particular agiohl situations (Via, 2002). The
highly structured population db. temminckiishould make it much easier to map the
major factors that have led to reproductive isolatand consequently genetic and
morphological diversification between these species

154



6.5 How did the species come to be reproductivelgdlated from each other?

There are two speciation models that can be usexptain the evolution of the South
African species ofSyngnathusthe sympatric and allopatric models (Kocher, 2005
Coyne & Orr, 2004; Turner, 1999; Templeton, 1989hough the sympatric model is
very difficult to describe and has been widely detdlgKocher, 2004; Jones al, 2003;
Staufferet al, 2002; McPhail, 1994), it could possibly be respble for the divergence
betweerS. temminckiandS. watermeyeriThe basic requirement of models of sympatric
speciation is that there is either a genetic aaioai between mate recognition systems
and traits under disruptive selection, or thatrtreing of the two species is in separate
habitats (McPhail, 1994). These two South Africapces occur together and have been
captured in the same habitats in estuarine syst#n®outh Africa (Whitfield, 1998).
Whether these estuarine habitats provide two disave segregated microhabitats that
may have promoted specialization (e.g. differentagong abilities) and therefore
encouraged mate choice selection to occur is unkno@f the two speciessS.
watermeyerihas a restricted distribution and has not beewrded in the marine
environment. It should be tested whether this gse@ more specialized and requires
specific environmental conditions in order to sueviOn the other han@. temminckKii
has a wide distribution and has adapted to varemgronments being present in
estuaries, coastal bays and reef areas. Theréfasepossible that adaptation linked to
the availability of alternative habitats may haesib an important factor in the origin and
diversification of these two sister species. Therealso strong evidence of genetic
association among the members of each speciesess wWas high genetic divergence
based on cyb sequences between these species. The resultshalsed no evidence of
population mixing or hybridization. However, thepreduction of two sister species in
the same environments is one requirement of a symmpaodel and needs to be verified
with laboratory experiments or field surveys.

The allopatric model of speciation was considem@deixplaining the observed genetic
and morphological divergence between the otherispexf the genus anfl. acusfrom
the two South African species. Under this modeledijence is regarded as either a

consequence of the splitting of a species’ range two or more isolated fragments or
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the dispersal of a small group of individuals irdonew area (Brooks & MclLennan,
2002). These isolated or separated populationstheay diverge genetically in response
to different local selection regimes and eventuaiyolve into two distinct species
(McPhail, 1994). Although there is a wealth of ende to support the theory that classic
allopatric speciation has been important in thdatazh of many fishes (Casest al,
2004; McKinnon & Mori, 2003; Hewitt, 2001; Avise &alker, 1999; Turner, 1999;
Randall, 1998; Templeton, 1989), this mechanisns st sufficiently explain the origin
of all new species (Kocher, 2004; Joeesl, 2003; Albertsoret al, 1999). For example,
the adaptive radiations of cichlid species in Adndakes have occurred in such a short
period of time (and with significant levels of geft@w) that classic allopatric models of
speciation do not easily explain their evolutioro¢ker, 2005; Kocher, 2004). However,
the genetic differences observed between the dijudistributed South African species
andS. acusare consistent with populations that have beerodegtively isolated due to

vicariance for a long period of time by geographiriers to gene flow.

The distributional concordance observed across thghA suggests that the geographic
ranges of extant lineages have generally gone ghraupronounced shift through time in
response to common vicariant events (Bermingleamal., 1997). The phylogenetic and
biogeographic patterns suggest that diversificatioriaxa of Syngnathushas been a
basin-wide phenomenon, occurring over tens of amiof years in the Atlantic Ocean.
Based on the hypothesis of a molecular clock o¥lpér million years and the rise of the
strait of Gibraltar, thes8yngnathudineages may have diverged about 12—-18 Mya. That
the genus appears to be monophyletic suggestshise lineages have been sufficiently
isolated to account for different species. The bdisgsion in the phylogeny was between
clades endemic to the Pacific and Atlantic ocearisshggests a diversification of these
populations before the Pliocene rise of the Panandand bridge. The Atlantic species
richness may therefore be a consequence of lochregional processes. Phylogenetic
data and divergence time estimates of the two Sditltan species suggest that
diversification begun by the late Miocene (5-8 Myidgnce, the geographical disjunction
of the South African species dbyngnathuscorresponds to historical boundaries

established by geological events and climate clangkee boundaries separated these
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populations, led to the reproductive isolation loégde species and therefore promoted
genetic and morphological diversification in thelian Ocean.

6.6  Final conclusions

Pipefishes of the genuSyngnathusoffer many advantages as a model system for
studying the genetic basis of evolutionary change l@ow it relates to biogeographical
regions. The species in this group are diversecatogy and behavior, and many of the
species are common enough to be ideal subjectsidtmgical study. The occurrence of
the species of the genus in the Atlantic, Pacific dndian Oceans poses various
guestions, on the historical lineages, dispersa historical events that led to this
distribution. It has been observed by paleontotsgigorking on the geological record of
the entire history of life, that evolution occursdoordinated patterns in many different
species lineages based on their regional ecologettihg and the physical environment,
via ecological systems to influence the procesdespeciation (Eldredge, 2000). For
examples it has been observed that global cooliggered new ecosystems and new
species about 2.5 million years ago (Beetlal., 1996; Hewitf 1996; Tsigenopoulost

al., 2003; Raveleet al.,2004; Bremeket al, 2005). Therefore, the radiations or selective
forces that have created and shaped these reatindyged South African species of
Syngnathusare therefore due to a remarkable combinationapious factors that have
also been significant in the speciation of otheougs of fishes (Kocher, 2004;
Berminghamet al, 1997). The aim of this work was to unify biologicdata,
morphometric analysis and molecular analysis (qtaive and phylogeography) to

make inferences about the evolution and speciatitmnn Syngnathus

This study has also demonstrated that the knowlatigat South African pipefishes that
has accumulated over considerable time in museulections is very useful in
understanding life history and population dynamidsis knowledge would be essential
to understand and conserve these species, parycala they are part of the large
endemic component of the South African ichthyofaukithough these species may live
in a variety of habitats with a moderately largeg@aphical range, the study shows that

they are highly vulnerable due to the unstable remvnents they reside in and their
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complex reproductive strategies (Vincent, 1996) Tdxonomic affinities among the two
South African pipefishes and the similarity of Hats that they occupy should stimulate
interest in their comparative physiology and ecgloghis integration or fusion of
different ideas and methodology is needed in thlkel fof systematics, which has for too
long relied on a single method based on comparatudies of morphometric and
biological data to explain the diversity of fisheBhe use of different systematic
procedures offers a wider scope of understandiagétture of speciation and allows for
the first time a comprehensive understanding oéfsp diversity and life history in an
evolutionary context. Species-level understandihghese geographically widespread
and diverse taxa can advance the use of pipefsties model group for studies on the

origins and maintenance of species diversity.

158



APPENDIX |
List of the 32 valid pipefish species 8yngnathusand their geographical distribution (Myers

et al, 2005; Wilsonet al, 2003; Kuiter, 2000; Dawson, 1986; Dawson, 198&tz&che,

1980; Herald, 1940)

Species Author** Distribution
. schlegeli Kaup, 1856 North-western Pacific
. auliscus Swain, 1882 Eastern Pacific
. californiensis Storer, 1845 Eastern Pacific
. carinatus Gilbert, 1892 Eastern Central Pacific

. macrobrachium

Fritzsche, 1980

. euchrous Fritzsche, 1980 Eastern Pacific
exilis Osburn & Nichols, 1916 Eastern Pacific
insulae Fritzsche, 1980 Eastern Central Pacific
. leptorhynchus Girard, 1854 Eastern Pacific

South-eastern Pacific

affinis

. caribbaeus

Glnther, 1870
Dawson, 1979

Western Atlantic
Western Atlantic

NODODHENVLOOLNLOLONVONNNYOO®

nwunuwm

. taenionotus
. tenuirostris

Canestrini, 1871
Rathke, 1837

. dawsoni Herald, 1969 Western Central Atlantic
. floridae Jordan & Gilbert, 1882 Western Atlantic
. folleti Herald, 1942 Southwest Atlantic

fuscus Storer, 1839 Western Atlantic
. louisianae Glnther, 1870 Western Atlantic

makaxi Herald & Dawson, 1972 Western Central Atlantic
. pelagicus* Linnaeus, 1758 Western Atlantic (sub-tropical)
. scovelli Evermann & Kendall, 1896  Western Atlantic

springeri Herald, 1942 Western Atlantic
. rostellatus Nilsson, 1855 North-eastern Atlantic
. abaster Risso, 1827 Eastern Atlantic, Mediterranean & Blaek
. phlegon Risso, 1827 Eastern Atlantic & Mediterranean Sea
. typhle Linnaeus, 1758 Eastern Atlantic, Baltic, Mediteran, Black & Azov
Sea

. schmidti Popov, 1927 Europe: Black Sea & Sea of Azov

Mediterranean Sea, northwestermaic Sea.
Mediterranean, South Adriatic, TyriaenBlack &
Azov Sea

S. variegatus Pallas, 1814 Eurasia: Black Sea & Sea of Azov.

S. acus Linnaeus, 1758 Western Indian Ocean, South westidantic, Eastern
Atlantic, North Sea, Mediterranean & Black Sea

S. macrophthalmus Duncker, 1915 Western Indian Ocean: Suez & nortteredRed Sea

S. safina* Paulus, 1992 Western Indian Ocean: Gulf of Aqalesl Bea

S. watermeyeri Smith, 1963 Africa: Known from tidal areas withimetKariega,

Kasouga and Bushmans Rivers, South Africa

Note: * species provisionally placed in genus. *&Tduthors listed in this appendix are not incluidettie
reference section
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APPENDIX Il
Extracts from Kaup’s 1856 descriptions of Southigen species dbyngnathusrom the
Cape of Good Hope (pages 36-37 and 45-46).

“7. Syngnathus temminckii, Kp.

Diagnosis- Snout as long as the distance between the hibdeter of the orbits and the
extremity of the gill cover. Head and snout rougsihagreened and measuring one-ninth of the
whole length. Seventeen body-rings before the didirsaTail-rings 37. Dorsal fin standing on
nine rings, of which two belong to the body.

Description -This species is distinguished by its combined attars, from the others which
inhabit the seas around the Cape of Good Hope piidrainent line on the snout is not toothed
and the lateral line ridge is interrupted. Thirtyearays exist in the dorsal fin, which is somewhat
longer than the head. Colour a smutty yellowishalroirregularly speckled. A female 6.26
inches long, has a snout 0.28 inch long, the t&b &ches, the dorsal fin 0.73 inch. In a smaller
male 5.08 inches, the egg-pouch measures 1.58 lischredominating colour is brownish with
smutty yellowish specks.

A male and a female specimen, procured by M. Hokstt the Cape, exist in the Leyden
Museum; and | have named the species after thetiref that Museum out of gratitude and

esteem.”

Table 1l. 1: Summary of morphological data from the two speadsefS. temminckiused for

Kaup’s description. Note this table is not in Kasfext.

Morphological characters Female Male

Morphometrics Inches Millimeters Inches Millimeters
Total length 6.26 159.0 5.08 129.0
Snout length 0.28 7.1

Tail length 3.66 93.0

Doral fin base 0.73 18.5

Egg pouch 1.58 40.0
Meristics

Dorsal fin rays 31 31

Trunk rings 17 17

Tail rings 37 37

Sub-dorsal rings 9 9
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Appendix II: continued...
Extracts from Kaup’s 1856 descriptions of Southigein species dbyngnathusrom the
Cape of Good Hope (pages 36-37 and 45-46).

21. Syngnathus delalandii

Diagnosis— Length of the slender snout equal to the digtdoetween the fore border of the orbit
and the root end of the pectoral fin. Head and stugether either a little shorter or a little l@ng
than the space in which the dorsal fin stands.ddreal is based on 10 rings, and there are 18-20
rings before it.

Description — In the Paris museum, there is a Cape of GoodeHsgecimen procured by
Delalande. Its snout is more slender than thatifglscensand the body longer, but the tail again
shorter. The colour is a uniform brown, with a lmeduster. Its length is 7.12 inches. Length of
its head 0.91 inches; of its snout 0.51 inch; ef blody measured from the edge of the pectoral
ring to the vent, 2.17 inches; of the dorsal fieinch; of the tail 4.25 inches. In the Berlin
museum there are two male specimens sent by M.sKedbo from the Cape seas. Length 5.91
inches; of head 0.82 inch; of snout 0.47 inchhefbody 1.85 inch; of dorsal fin 0.78 inch; of the
tail pouch 1.85 inch. These have 18 rings befoeedibrsal fin, whose length rather exceeds that
if the snout and head together; their colour isligttbrown with lighter and darker specs.
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APPENDIX Il

Names of museums and voucher specimen numberstefiahghat was used in the biological and morpbwal analysis

Museum Voucher Numbers
South African Institute for Aquatic Biodiversity $AB (RUSI)
2760 9026 17395 38610
4308 9027 17398 38617
7551 9034 17404 38618
7552 10849 17405 39504
9014 10868 17417 41113
9015 11375 21557 41114
9016 13229 21562 41456
9017 13591 28338 44672
9018 14193 30438 47275
9019 14213 31806 49136
9020 14218 32087 49238
9021 14236 32131 49395
9022 17214 34021 60052
9023 17230 36271 60703
9024 17234 37529 61830
9025 17342 37567
South African Museum SAM
12800 12803 22027 35197
12801 12804 24690 35388
12802 13494 26408
Museum National d’Histoire Naturelle, Paris MNHN
1995-0043 1974-0270 1975-0665 1989-0111
1959-0214 1975-0664 1977-0162 1989-0112
1961-0858
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Appendix Ill: continued...

Names of museums and voucher specimen numberstefiahghat was used in the biological and morpbwal analysis

Museum Voucher Numbers

British Museum (Natural History), London BMNH
53 1929.10.3.1 1962.6.1.1 1981.6.16.16
1851.4.1.37 1930.9.30.13 192.7.30.72 1981.9.22.5
1889.8.14.39-41 | 1931.1.28.5 1969.7.24.27 1982.9.16.4
1893.2.24.4-9 1933.5.1.1 1971.2.16.319 1982.9.17.61
1907.6.27.1 1933.5.24.1 1971.2.16.320 1983.8.3.11
1910.4.25.1 1934.10.8.6 1971.2.16.321 1989.3.13.1
1922.11.17.1 1938.9.30.1-2 1971.2.16.322-323| 68.8.13.40
1926.12.21.9 1951.2.19.9 1971.2.16.324 76.9.12.2
1928.7.16.1-2 1961.12.12.5 1971.2.16.325-327| 81.10.29.3
1928.9.19.1 1962.12.20.130 1971.2.16.328 89.9.14.5

Zoologisches Institut und Zoologisches Museum, Hangb | ZMH
5 28 1201 2468
7 129 1346 6068




APPENDIX IV

A summary of the main characteristics of r and lkeced species (FAO, 1984).

Characteristics r-selected K-selected

Climate Usually variable and/or Fairly constant and/or predictable
unpredictable (or species shows migratory

behaviour)

Risk of natural Often high or catastrophic; largely Death rate is more scheduled and

death independent of population size dependent on population size

Population size Variable in time, non-equilibrium  Fairly constant in time, at or near
conditions prevail; occupies carrying capacity

ecological vacuums but rarely
reaches the carrying capacity of the

environment
Competition Generally lax Usually keen
between and
within species
Length of life Short Longer
Natural selection (1) Rapid development (1) Slow development
in favour of (2) High rate of population increase  (2) Low rate@opulation increase
(3) High rate of egg production (3) Low rate ofjgmoduction
(4) Small body size (4) Large body size
(5) Single reproduction (5) Multiple reproduction

(6) Less emphasis on behavioural (6) Behaviour and morphology

and morphological characteristics toassures good individual survival,

increase individual survival habits e.g., territorial behaviour, spines,
special dentition and special
feeding habits

All above lead to:  Productivity Efficiency
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APPENDIX V

Holotype and syntype* material for the two Southiédn species ddyngnathuand morphological data of the two syntype$Sof

temminckii

Table V.1: Holotype and syntype* material for the two Southidan species oSyngnathushat were examined and included in the

morphological analysis.

Museum Species Author Type Museum Voucher number
South African Institute for Aquatic Biodiversity S. watermeyeri Smith, 1963 Holotype SAIAB (RUSI) 124
Museum National d’Histoire Naturelle, Paris  S. brachyrhynchus Kaup, 1856 MNHN 0000-6133
S. delalandii* Kaup, 1856 0000-6139
S. leptorhynchus  Girard, 1854 Holotype 1917-3273
British Museum (Natural History), London S. acus Linnaeus, 1758 Holotype BMNH 1853.11.12.184
S. alternans Gilnther, 1870 Syntype 1855.9.19.1395
S. rubescens Risso, 1810 Syntype 64.12.12.29
National Museum of Natural History, Leiden  S. temminckii Kaup, 1856 Syntype RMNH 3876

Table V.2 Morphometric and meristic measurements of thetlgpes ofSyngnathus acuand the two South African syntyp8s

temminckiiandS. delalandiifrom the Cape of Good Hope (RMNH 3876). All morpteirics measurements are in mm.

Fish No. Sex SL| HL SnL| SnDOD | IOW  TD DFB | CFL | DFR| PFR| Trunk @ Tail | SDR1 SDR2| SDR
S. acus - 434 | 56.80| 30.40| 4.62| 6.30 -121.70/ 49.90/ 10.30] 39 - 20 44| 1.00| 8.50| 9.50
S. temminckii Female| 155 16.72| 7.20| 1.90 2.82| 1.56| 6.56 18.34| 4.68 31| 11 19| 37| 125 7.25 9.00
S. temminckii Male 126/ 13.68| 5.60| 1.30| 2.16| 1.10, 3.80| 16.00/ 4.66| 31, 12 19 37| 1.50| 6.75| 8.25
S. delalandii 179| 21.10| 13.47 3.40| 1.60 6.00 25.40| 530, 40| 13 20| 41| 0.75| 9.25|10.00




APPENDIX VI

The list of locations and biogeographical regiofghe European (non-South African)

museum specimens 8f acuaused in the morphological analysis.

Location Country/region Biogeographical region
Famagusta Cyprus Mediterranean sea
near Moralaix France

Gulf of Thermaitos (North) Greece

Gulf of Evoikos (South) Greece

Herm Channel islands North-eastern Atlantic Ocean
Alderney Channel islands

Bay of Arcachon, France

Galway bay Ireland

Port Erin bay Isle of Mann, Irish sea

West of Bradda head Isle of Mann

Mogadore Morocco

Rabat Morocco

Madeira Spain

North Minch, UK UK

Roscoff, English Channel UK

Teignmouth, English channel UK

Yealm mouth, Devon UK

Weymouth, English channel UK

Fareham creek, English channel UK

English channel UK

Essex UK

River wear UK

Pembrokeshire, Saint George's channel UK

Cardigan bay, Saint George's channel UK

off Poole UK

Falmouth UK

South of river Humber UK North Sea
Leig-on-sea UK

South-end UK

South of Gomer, Norfolk UK

Great Yarmouth UK
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APPENDIX VII

Discriminant function analysis summaries.

Table VII.1: Discriminant function analysis summary for sizguated data for the

biogeographical regions @&. acus(SA). Variables in model: 7; n = 246; Wilk's Lambda:
0.38;F (7,238) = 55.97; ani < 0.05.

Character Wilk'sh Partial\ F-remove P-level Tolerance Root 1
SnL 0.54 0.70 100.48 0.00 0.90 -0.73
IOW 0.44 0.87 36.14 0.00 0.90 0.49
oD 0.44 0.86 40.09 0.00 0.92 -0.50
TD 0.40 0.95 12.42 0.00 0.83 0.31
SDR 0.38 0.99 2.85 0.09 0.79 0.16
Trunk 0.38 0.99 2.28 0.13 0.85 -0.13
DFR 0.38 0.99 1.90 0.17 0.80 0.13
Eigenvalue 1.65
Cum. Prop. 1.00
Canonical means

E. Cape -1.53
W. Cape 1.07

Note: Values in bold indicate variables that aspomsible for the discrimination.

Table VII.2: Discriminant function analysis summary for morgigital differences between
male and female pipefishes using size-adjusted Yat@ables in model 10; n = 186; Wilk's
A 0.77;F (10,175) = 5.13; ani < 0.05.

Character Wilk’sh PartialA,.  F-remove P-level Tolerance Root 1
HL 0.78 0.99 1.85 0.18 0.33 -0.38
TD 0.87 0.89 21.97 0.00 0.62 -0.89
SnL 0.78 0.98 2.59 0.11 0.46 -0.37
CFL 0.79 0.98 3.44 0.06 0.82 0.32
PFR1 0.78 0.99 1.22 0.27 0.22 -0.37
SDR1 0.79 0.97 4.61 0.03 0.54 0.46
oD 0.78 0.99 1.68 0.20 0.60 0.26
Trunk 0.78 0.99 2.38 0.12 0.31 -0.44
Tall 0.78 0.99 2.33 0.12 0.48 0.35
DFR 0.78 0.99 1.56 0.21 0.24 -0.40
Eigenvalue 0.29
Cum. Prop. 1.00
Canonical means

Females -0.49
Males 0.59

Note: Values in bold indicate variables that aspomsible for the discrimination.
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APPENDIX VIII

Figure 1: Phylogenetic relationships among specieSyignathuss reflected by the

consensus of the three recovered trees from tistnpamy analysis of cytochronie

sequence data (420 aligned base pairs) of 36 seegien
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Appendix VIII

Figure 2: Phylogenetic relationships among specieSyfgnathuss reflected the
parsimony analysis of cytochroresequence data (420 aligned base pairs) of 37
sequences.
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APPENDIX IX
The relative temperature over the past million gyeard sea level changes over the past

140,000 years (NOAA, 2004).

a. Global climate history
Thousands of years ago

0 125 250 350 450 600 700 800
| | T | T |

WARM

1 2 3 4 lsabe dse || b. Late Quaternary
& *10 [l Mean sea level at present , 1 sea-level history
2 10 ]
5
§ 50
3
©
28]
£ 0

0 20 40 B0 BO 100 120 140
Thousands of years ago

170



APPENDIX X

Flow chart showing the different steps needed twarfoom a description of a species to
a robust explanation of the way in which a spemgeoduced (reproduced from Brooks
& McLennan, 2002)

Description (discovering the units 1) A Systematist Describes the Species

Phylogeny(discovering the units 1) Are the units phylogenetically distinct?
Reconstruct a phylogenetic tree for the ‘units’dzhgpon characters

YES NO

Supports hypothesis that the units are distinctispe falsifies hypothesis that the units are distinetces

I nitiation of speciation Do sister pairs show any degree of geographical alap?
(evaluating the units 1) (phylogeny + geographical distributions)
YES NO

What are the relative amounts of overlap? What are the relative sizes of their ranges?

sympatric parapatric allopatric | allopatric 11

(almost 100%) (<< 100%) (symmetrical) (very asymmetrical)
Compl_etlon of speciation Are the sister species reproductively isolated fronone another?
(evaluating the units |

YES NO

PARTIALLY
Supports hypothesis that they ar| . o falsifies hypothesis that they are
distinct species possibly st;_)euanon in distinct species
action

v

How do sister species come to be reproductively iated?

Substantial work integrating distributional, genethorphological behavioral and ecological information (mateicap
ecological segregation, completion via reinforcetnemsus isolation

ROBUST EXPLANATION OF SPECIATION
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PLATE |

Plate 1.1: Syngnathus temmincKiPhotograph by P. C. Heemstra).

Plate 1.2: Syngnathus watermeygRhotograph by P. C. Heemstra).
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Plate 1.3: Syngnathus temmincknale with eggs in a fully developed brood pouch
(Photograph by P. C. Heemstra).
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Plate 1.4: Syngnathus temminckfiaup, 1856 holotype (Photograph by J. van Egmond).
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Plate 1.5: Syngnathus delaland{Kaup, 1856) holotype - MNHN 0000-6139.

Plate 1.6: Syngnathus brachyrhynchy&aup, 1856) holotype - MNHN 0000-6133.
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Plate 1.7: Syngnathus leptorhynchbslotype (eastern Pacific) - MNHN 1917-3273.

Plate 1.8: Syngnathus acuspecimens (North eastern Atlantic) - MNHN 1974-027d
1961-0858.
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