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Summary  
Seagrasses are ephemeral, patchy habitats, under increasing risk of fragmentation due to 

anthropogenic changes. The ongoing and increasing loss of seagrass makes it essential 

that we understand the processes of movement and connectivity of the animals which 

rely on seagrass as a habitat. Shrimp are among the most abundant and diverse animals 

in seagrass habitats. Much of the published literature remains focused on one particular 

facet of shrimp life. Ecologists tend to generalise habitat-scale patterns of shrimp family 

groups where more specific studies on individual species may only focus on the 

biology, taxonomy or phylogeography alone. Few studies combine ecology, biology and 

phylogeography. This thesis attempts to achieve a comprehensive understanding of the 

biology, ecology, diversity, distribution, connectivity, and phylogeography of one of the 

most abundant shrimp taxa from Queensland seagrasses: Phycomenes zostericola. This 

holistic approach provides a solid foundation of information against which to compare 

future connectivity studies and also other seagrass species.  

 

In general, caridean shrimp are planktonic during their early life stages and will then 

recruit into the same habitat type which their parents occupy. Having a planktonic larval 

phase allows them the potential for broad dispersal. This study found that the potential 

for movement among P. zostericola populations is considerable; the adults were found 

to frequently move among seagrass patches and larvae have a planktonic phase of 

anywhere up to three weeks. Surprisingly, P. zostericola show a surprising amount of 

genetic structure for a marine species with a planktonic larval phase. The close 

association of adults to seagrass habitat and the reliance of P. zostericola larvae on a 

current to maintain suspension may be the limiting factors preventing P. zostericola 

from fulfilling their migration and dispersal potential. 

 

P. zostericola has a broad distribution and can be found in most seagrass habitats 

around Queensland. A cryptic (morphologically indistinguishable) sibling species was 

discovered that is sympatric throughout the northern range of the P. zostericola 

distribution. The discovery of the divergent taxon provided a unique opportunity for a 

comparative phylogeographic study. The two sibling taxa diverged between 3.2 and 4.6 

million years ago and since then have been exposed to similar biogeographic influences. 

A mitochondrial dataset, using the gene cytochrome oxidase I (COI), describes the 

historical and contemporary levels of connectivity and demographic change in response 

to marine biogeographic boundaries, sea level changes and currents. While regional 
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genetic structure was found to be similar between the two species, demographic changes 

were not. The two populations of Phycomenes are also under some kind of north vs. 

south selective pressures. The nuclear gene, myosin heavy chain (MyHC), shows a 

distinct latitudinal pattern in both Phycomenes species. This genetic pattern indicates 

that groups north and south of far northeast Queensland are exposed to significantly 

different conditions resulting in different selective forces operating on the myosin gene.  

 
Both the mitochondrial gene COI and the nuclear gene MyHC were analysed for 

broadly distributed populations of two other seagrass caridean species; Latreutes 

mucronatus and Cuapetes sp. Similar to Phycomenes, both of these species contained 

multiple, morphologically identical, yet genetically distinct species. The deep levels of 

divergence indicate that speciation had occurred between 8 and 25 million years ago. 

The multiple cryptic taxa found in this study confirm two commonly stated hypotheses 

about marine taxa: firstly, cryptic speciation is common in marine taxa and this is just as 

true for seagrass caridean shrimp as other groups. Secondly, biodiversity estimates in 

shallow marine systems are currently underestimated due to high levels of unidentified 

cryptic taxa. A loss of statistical power is unavoidable in sampled populations which 

contain cryptic taxa. Although small sample numbers of Latreutes and Cuapetes species 

did not allow rigorous genetic statistical analysis they did provide some insight into the 

structure of these populations.  

 

All analysed seagrass shrimp taxa (Phycomenes, Latreutes and Cuapetes) maintained 

signals of demographic expansions prior to the last glacial maximum, suggesting that 

the vast and rapidly changing sea-levels throughout the Pleistocene did not have drastic 

demographic impacts on seagrass shrimp populations over broad spatial scales. 

Although lowered sea levels did not have dramatic demographic effects, low sea levels 

and strong currents probably provided the necessary conditions for long distance 

migration / dispersal events; this is evident in the haplotype sharing between 

geographically distant populations for most of the study taxa.  

 

This study provides valuable insight into the contemporary levels of connectivity and 

the past responses to major environmental and habitat changes. These data will 

hopefully contribute to the much needed baseline data used to guide future conservation 

efforts of inshore marine habitats.  
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Chapter 1 INTRODUCTION 

 

World-wide, seagrass habitats continue to be lost and increasingly fragmented (Short & 

Neckles 1999). Multiple stressors for seagrass ecosystems include eutrophication, 

sedimentation, physical disturbance, and growth of invasive or suffocating algal species 

(Orth et al. 2006); these stressors are set to increase with predicted climate change 

(Connolly 2009). As seagrass habitat becomes more fragmented, it is increasingly 

important to understand the scales at which seagrass faunal connectivity operates, or 

ceases to operate. Much of the current focus remains on fish and commercial species, 

with little mention of the non-harvested nektonic fauna associated with seagrasses. A 

recent report on marine climate change in Australia calls for protection of essential fish 

habitats (Booth et al. 2009) and more research in the area of “responses to increasing 

rates of habitat fragmentation” (Connolly 2009). A better understanding of faunal 

connectivity patterns among seagrass habitats is one of the important steps towards 

better management decisions for marine park placement and habitat protection, with an 

ultimate goal of benefitting harvested and non-harvested species dependent on seagrass.  

 

1.1 SEAGRASS HABITAT 

Seagrasses are the only true marine angiosperms; they generally grow with roots, leaves 

and flowers submerged and have underwater pollination (Hemminga & Duarte 2000). 

Most seagrass species occupy shallow coastal habitats as their distribution is restricted 

by light availability. Other important physical parameters which dictate distribution are: 

the availability of soft bottoms, temperature, salinity, wave action, currents and water 

depth (Hemminga & Duarte 2000). Seagrasses exist in monospecific or multispecies 

meadows which function as single continuous beds or multiple adjacent patches. 

Seagrass meadows support an abundant and diverse array of worm, gastropod, bivalve, 

fish, crustacean and cephalopod taxa, as well as vertebrate megafauna (e.g. dugongs and 

turtles), which may spend either their entire or part of their life-cycles in seagrass 

(Gillanders 2006). In ecological terms, seagrasses operate as nursery grounds (Young & 

Carpenter 1977, Halliday 1995, Haywood et al. 1995, Cocheret de la Morinière et al. 

2002), hunting/feeding grounds (Hindell et al. 2000b, Nakaoka 2005) or shelter 

(Kenyon et al. 1995, Dorenbosch et al. 2004) for the multitude of animal taxa that rely 

on them.  
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1.2 SEAGRASS-ASSOCIATED FAUNA 

The response of seagrass-associated fauna to landscape attributes is highly variable 

(Connolly & Hindell 2006). Within a seagrass bed, faunal abundance and distribution 

may change with physical factors such as seagrass patch size (Irlandi 1997, Eggleston et 

al. 1998, Eggleston et al. 1999, Kenyon et al. 1999), habitat complexity (Unsworth et al. 

2007), patch orientation (Connolly & Hindell 2006), patch shape (Tanner 2003) and 

seagrass biomass (Orth et al. 1984, Mellors & Marsh 1993). There can be a high degree 

of temporal variability in seagrass faunal abundance and species composition too, from 

the time of day (Guest et al. 2003, De Grave et al. 2006) to season (Bauer 1985). The 

spatial and temporal variability in responses of fauna to patch characteristics has made it 

difficult to generalise ecological or behavioural patterns. Advanced experimental 

techniques used recently are, however, providing more informative conclusions (Hovel 

& Regan 2008, Macreadie et al. 2008) 

 

1.3 SEAGRASS CRUSTACEANS 

Seagrass beds are home to a taxonomically and functionally diverse assemblage of 

decapod crustaceans (Bauer 1985), with some species yet to be formally described (De 

Grave 1999). From a functional perspective, small decapods are a valuable food source 

for higher trophic levels (Hindell et al. 2000b); they also oxygenate sediments by 

creating burrows (Forster & Graf 2004) and play important roles in the growth of 

seagrass epiphytes (Persson et al. 2008). Studies on the abundance, movement and 

ecological patterns of caridean shrimp in seagrass are often generalized, typically 

grouping shrimp by either function (e.g. macrofauna, Attrill et al. 2000), taxonomic 

order (Guest et al. 2003), or family (Eggleston et al. 1999), when in reality different 

species may display biological traits and ecological patterns distinct enough to affect 

ecological studies (Bauer 2004). The most biologically diverse and abundant of the 

small decapod shrimps belong to the infra-order Caridea. Many carideans display 

similar life history traits, but it is not known if this results in similar population level 

traits (e.g. dispersal, connectivity or gene flow).  
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1.4 MOLECULAR ECOLOGY OF CARIDEANS 

Phylogeography is the study of geographic distribution in light of genealogical patterns. 

It can be interpreted as the sum of all past small-scale patterns and events that the 

species under study has experienced. It is possible to establish historical migration 

patterns, population expansions, bottlenecks, and vicariant events from the distribution 

of alleles and the rate at which change occurs. Phylogeographic studies are becoming 

increasingly important in identifying evolutionary significant units (ESUs, Moritz 1994) 

which in turn can define appropriate boundaries for conservation practices such as the 

creation of marine parks (Small & Wares 2010). Comparative phylogeographic studies 

allow the identification of broader scale patterns affecting multiple species. The broad-

scale historical patterns of connectivity and isolation among freshwater bodies have 

been successfully described using phylogeographic approaches using the freshwater 

caridean genus Macrobrachium (De Bruyn & Mather 2007, Page & Hughes 2007, Cook 

et al. 2008a). Cryptic vicariance caused by biogeographic boundaries may only be found 

using phylogeography methods. The South African seagrass shrimp Palaemon 

peringueyi is broadly distributed and capable of wide dispersal yet distinct genetic 

clades occur within each of the major marine provinces (Teske et al. 2007), confirming 

the presence and effect of marine boundaries. Other phylogeographic studies using the 

burrowing marine caridean Alpheus explore the presence and evolution of cryptic 

marine diversity (Duffy 1996, Williams et al. 2001, Mathews et al. 2002, Mathews 

2006). The study of sister alpheid taxa either side of the Isthmus of Panama has resulted 

in estimated rates of molecular evolution in the crustacean cytochrome oxidase I (COI) 

gene (Knowlton & Weigt 1998, Mathews et al. 2002, Hickerson et al. 2003). Despite 

the abundance and trophic value of seagrass carideans, few broad-scale 

phylogeographic or ecological studies exist, probably because of a number of factors, 

including their taxonomic complexity, the difficulty in identifying them 

morphologically, their lack of direct commercial importance and their high levels of 

cryptic diversity.  

 

This thesis explores the ecology and phylogeography of seagrass-associated carideans, 

presented as a series of eight related chapters.  

 

Chapter 2 reports on several biological and ecological studies investigating Phycomenes 

zostericola, one of the most numerically abundant species in seagrass habitat in 

Queensland. The goal of this chapter was to make observations and investigate the 
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relationship between P. zostericola and its habitat and the potential for movement 

among habitat patches by this species. Basic biological pointers about P. zostericola 

from this chapter helped build broad-scale hypotheses presented in the following 

chapters.  

 

Chapter 3 is a general molecular methods chapter detailing methods and some theory 

behind the methods which are used throughout subsequent chapters.  

 

Chapter 4 explores the phylogenetic relationship and potential causes of the vicariance 

between two cryptic species of Phycomenes which were discovered during the initial 

analysis of the Phycomenes zostericola mitochondrial phylogeographic dataset. The aim 

was to determine if the two mitochondrial lineages were indeed two cryptic species 

living in sympatry. Nuclear loci were amplified on a number of individuals from each 

mitochondrial lineage. 

 

Chapter 5 is a broad-scale phylogeographic study of the seagrass-associated 

Phycomenes zostericola along 2,800 kilometres of the Queensland coastline. The aim of 

this phylogeographic study was to determine the level of gene flow (and hence 

connectivity) for a small seagrass shrimp on a broad-scale basis and also to determine if 

gene flow was enhanced by the strong ocean currents and hindered by reported 

biogeographic boundaries.   

  

Chapter 6 examines phylogeography again, but of a sister species, referred to as 

Phycomenes sp2. This provided a rare opportunity to compare marine biogeographic 

influences on two recently diverged species.  

 

Chapter 7 explores a dataset on two broadly distributed but morphologically and 

taxonomically different seagrass-associated caridean species: Latreutes mucronatus and 

Cuapetes sp. The aim of this chapter was to determine if the phylogeographic patterns 

of Phycomenes spp. were typical of seagrass-associated carideans and if the very 

different morphology and adult behaviour of Latreutes mucronatus resulted in different 

broad-scale genetic patterns.  

 



17 
 

Chapter 8 provides an overview of the results from all of the data chapters with regard 

to historical influences of sea level, continental shelf width, biogeographic boundaries, 

ocean currents and future threats to seagrass-associated species.  

 

Publication: 

Chapter 5 has been published as: 

Haig JA, Connolly RM, Hughes, JM (in press) Little shrimp left on the shelf: the roles 

that sea level change, ocean currents and continental shelf width play in the genetic 

connectivity of a seagrass-associated species. Journal of Biogeography 
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Chapter 2  AN ECOLOGICAL STUDY OF A PONTONIINE 

SEAGRASS SHRIMP, PHYCOMENES ZOSTERICOLA 

(DECAPODA: PALAEMONIDAE) 

 

2.1 INTRODUCTION 

Phycomenes zostericola is a caridean shrimp belonging to the family Pontoniinae. 

Caridea consists of around 351 genera and 2,818 described species of little hump-

backed decapod shrimp (Bauer 2004). Carideans occupy a range of habitats from 

freshwater streams to open marine seagrass and reef habitats (Bauer 2004), but 

P. zostericola is found predominantly in seagrass (Bruce 2008).  

 

Phycomenes zostericola is a novel genus and species, previously identified in Australian 

waters as Periclimenes indicus (Kemp, 1915; Fig. 2.1). The recorded distribution of P. 

indicus is from east India to the western Pacific (Singapore, Malaysia, Sulawesi, 

Indonesia and the Philippines, Holthuis 1952) and also Australia. A recent taxonomic 

revision (Bruce 2008) found all Australian type specimens of P. indicus to be a new 

genus and species: P. zostericola. P. zostericola have been caught from a variety of 

shallow marine environments (predominantly seagrasses) across northern Western 

Australia, Northern Territory, Queensland and New South Wales (Bruce 2008). 
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Figure 2.1.Taxonomically important features of the Australian Phycomenes zostericola, 
redrawn from Bruce (2008).  
 
A, Epigastric spine removed from first dorsal rostral tooth; B, Posterior rostral tooth 
over orbital margin; C, 5-7 dorsal rostral teeth; D, 1-2 small ventral rostral teeth; with 
rostrum reaching from distal margin of intermediate segment of antennular peduncle to 
distinctly exceeding peduncle; E, First pereiopod with chelae small, reaching to 
approximately distal margin of scaphocerite; F, Second pereiopod with chelae subequal, 
very small, slightly larger than first pereiopods G, Ambulatory propods spinose;. H, 
Hepatic spine well anterior to level of epigastric spine; I, Fourth and fifth pleura 
rounded.   
 

 

Seagrasses are ephemeral habitats, patchy by nature (Hemminga & Duarte 2000), and 

are becoming increasingly fragmented due to anthropogenic changes (Cressy 2009, van 

Katwijk et al. 2010), which are predicted to increase with future climate change (Short 

& Neckles 1999). The ongoing and increasing fragmentation of seagrass makes it 

essential that we understand the processes of movement and connectivity of fauna 

relying on this habitat.  

 

Small crustaceans are so ubiquitous throughout seagrass habitats that they are often 

considered either excellent dispersers (as larvae) or migrators (as adults). Over small 

scales (1–10 m) small crustaceans have been observed to move between seagrass 

patches over short time scales (a day) (Howard 1985, Darcy & Eggleston 2005). Over 

larger scales (> 10 m, between-patch movements) most published data is on fish 
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(Cocheret de la Moriniere et al. 2003) and larger crustaceans such as penaeid prawns 

(Vance et al. 1996) and large crabs (Hines et al. 1995); little is known of the movement 

of small caridean shrimps (Pittman & McAlpine 2001).  

 

Larval development and larval duration is well studied for caridean shrimp. A large 

proportion of publications on caridean larval development are devoted to fisheries 

species, such as the freshwater Macrobrachium spp. (Fielder 1970) or ornamental 

shrimp, such as Periclimenes spp. (Menon 1948, Wear 1976, Calado et al. 2003, Nagai 

& Shokita 2003, Martinez-Mayen & Roman-Contreras 2009). Other species have been 

studied because of their recognised ecological or theoretical significance, such as the 

snapping shrimp genus Alpheus (Knowlton & Keller 1986) on which studies involving 

crustacean molecular evolution are based (Knowlton & Weigt 1998, Knowlton 2000, 

Hickerson et al. 2003).  

 

For the majority of carideans, larvae hatch as swimming, feeding zoeae, with the 

number of anamorphic larval instars ranging from five to nine, taking between three 

weeks to several months to develop (Bauer 2004). Although some species display 

abbreviated development (only 2 instars), it is generally accepted that if the newly 

hatched zoea possess sessile eyes, three pairs of maxillipeds and no free uropods, then it 

is reasonable to assume that the species has a full larval series (5 to 9) (Bauer 2004). 

Phycomenes zostericola belongs to the sub-family Pontoniinae, family Palaemonidae; 

many palaemonids have around eight instars in the larval series (Calado et al. 2003, 

Nagai & Shokita 2003, dos Santos et al. 2004), persisting for around two days per instar 

in the laboratory and approximately seven days between the last zoeal instar and the 

post-larval stage. The larval description of Periclimenes indicus by Menon (1948) in 

Indian waters, illustrates five zoeal stages and one post-larval stage. Menon (1948) 

reported a larval mortality of 100% in the laboratory after the first moult (2–3 days) and 

so the remaining observations were made from larvae collected from the field, placing 

the actual in-star count in question. 

 

As a little-studied shrimp and a novel genus, almost nothing is known about the ecology 

or reproductive biology of Phycomenes zostericola. This chapter aims to build a 

foundation of biological and ecological knowledge of this species in order to guide 

future hypotheses on broad-scale connectivity between populations of P. zostericola and 

other caridean seagrass species. The methods and results sections will be presented in 
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three main sections: general observations; planktonic duration of larvae; and adult 

abundance and movement within and between seagrass beds.  

 

 

2.1.1 Part ONE. General Observations 

Year round observations during this study suggest that P. zostericola reproduces for 

most of the year, with a peak in ovigerous females observed over summer months 

(November to February). Ovigerous females of P. zostericola were noticeably larger 

than their male and non-ovigerous counterparts. Ovigerous females carried distinctly 

green egg masses against their abdomen (Fig. 2.2D) and were observed to periodically 

“fan” the eggs with their pleopods, probably to flush oxygenated water over them 

(Bauer 2004). P. zostericola in laboratory aquaria were most commonly observed 

perched on blades of seagrass (Fig. 2.2C). They appeared transparent to the naked eye 

(Fig. 2.2A), but on closer inspection were covered with fine red chromatosomes (Fig. 

2.2E) which markedly dispersed upon death (Figure 2.2F), indicating that there is a 

degree of control over colouration for P. zostericola. 

 

Gut contents analysis suggests that Phycomenes zostericola does not eat seagrass, but 

grazes on diatoms upon the seagrass, as well as consuming other small crustaceans 

(mainly amphipods) that live on seagrass. P. zostericola adults held in aquaria grazed on 

seagrass blades and the mud substrate, but also were effective predators, swimming in 

the water column and using their chelated pereiopods to catch live crustaceans (Fig. 

2.2B). 
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Figure 2.2. Phycomenes zostericola specimens from Zostera capricorni seagrass beds at 
the mouth of Loders Creek estuary, southeast Queensland. Photographed live under a 
dissecting microscope, May 2007.  
 
A, whole live specimen; B, first two pereiopods of similar size (an identifying feature of 
the species); C, multiple live specimens perched on a Zostera capricorni seagrass blade; 
D, underside of an ovigerous female; E, distinct colour patterning and dotted red 
chromatosomes; F, dispersing chromatosomes upon death of the specimen.  
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2.1.2 Part TWO. Planktonic duration of Phycomenes zostericola larvae 

Laboratory studies on a closely related genus, Periclimenes, suggests that Phycomenes 

may produce up to eight zoeal stages and one post-larval stage (Menon 1948). For some 

Periclimenes species, metamorphosis to post-larval stage is cued by the chemical 

signals of their associated host species, such as anemones (Calado et al. 2003, dos 

Santos et al. 2004). However, such signals are unlikely to cue the seagrass dwelling 

Phycomenes zostericola to settle. In the genus Periclimenes, larvae are incubated for 

two weeks on the mother. When they are shed, the mother rapidly moults, mates, and 

produces a new batch of eggs within days (A. J. Bruce, unpublished data). It is not 

known how long the larvae remain in the plankton. However, laboratory specimens of 

Periclimenes sagittifer (Norman, 1861) progressed through several planktonic zoeal 

stages within seven days (dos Santos et al. 2004). Water temperature is an important 

factor in larval duration; both penaeid (Villarreal & Hernandez-Llamas 2005) and 

hippolytid (Calado et al. 2005) shrimps have shown an increase in growth rates and 

shorter larval duration in warmer water temperatures (experimental range 20 to 26°C or 

30 °C). A similar change in growth rates and larval duration was expected for P. 

zostericola. Here I present results from observations of larval development and 

behaviour of newly hatched zoeae in order to document any potential for larval 

swimming and planktonic life in Phycomenes zostericola, and to estimate the duration 

of planktonic life of the larvae.  

 

2.1.2.1 Methods 

Gravid females were obtained on multiple occasions through-out summer and were 

maintained on Artemia cultures and kept in filtered seawater until larvae hatched from 

the mother. Multiple broods of larvae were then isolated and raised in separate 

containers (~14 x 5 cm in size) of filtered seawater. Containers were bathed in larger 

tubs of freshwater kept at two temperatures (cool and warm) to determine if temperature 

played a role in larval growth rates and duration. Larvae were observed for swimming 

both with and without artificial water circulation (created by presence of air bubbler). 

Microalgae cultures of Nannochloropsis sp. were maintained with Cell-hi F2P non-

silicate nutrient 1 ml / 1 L of culture. The microalgae were fed to both rotifer and 

Artemia cultures. Newly hatched Phycomenes zostericola larvae were offered both 

rotifers and newly hatched Artemia nauplii (see, Simoes et al. 2002). Larval P. 
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zostericola were fed rotifers during the experiment as the Artemia nauplii appeared to 

be too large for the small shrimp larvae and none were consumed in trials. The feeding 

and stocking densities of shrimp larvae from Calado (2003, 2005) were used as a guide. 

Filtered seawater was changed daily. Up to 12 batches of larvae were raised at any one 

time, with 6 batches kept in cool water (at 20 °C; typical late-spring temperature in the 

estuary) and 6 kept in warm water (at 26°C; median temperature of shallow estuarine 

water in summer).  

 

2.1.2.2 Results  

Broods typically hatched from the mother between 8pm and 7am. Within the 

transparent eggs attached to the mother, developed larvae with dark eye spots could be 

seen. When larvae were ready to hatch the mother made occasional rapid movements 

around the aquarium and was seen to actively hatch larvae from eggs by fanning her 

pleopods rapidly and repeatedly. Females fed on their own offspring if left in the 

aquaria together. Regardless of larval densities, food (rotifer) density, or strength of 

water circulation, mortality was very high. Mortality was highest at low water 

circulation. For every Phycomenes zostericola brood hatched, approximately 70% of 

larvae died within the first 24 hours, making moult stages, and overall growth for a 

single batch of larvae impossible to identify.  

 

The first free larval stage for P. zostericola is a zoea (Fig. 2.3A) very similar in 

morphology to Periclimenes indicus larvae (Menon 1948). P. zostericola display all the 

larval features suggestive of a full larval series of five to nine stages (Bauer 2004): 

larvae hatch with sessile eyes (Fig. 2.3B & C), three pairs of maxillipeds (feeding 

apparatus, Fig. 2.3D & E), three rudimentary pairs of pereiopods (Fig. 2.3B) and lack 

free uropods (Fig. 2.3A & B). All larvae sank to the bottom of aquaria in the absence of 

an artificial current. Once current was provided, larvae were capable of remaining in 

suspension. When current is provided, Day 1 larvae were observed to be positively 

phototactic in the presence of a UV lamp, and would group together and follow the light 

source if moved. When current was removed, larvae sank to the bottom of the aquaria 

regardless of light source. Positive phototaxis only occurred in the 1st day of life and 

was not observed in later larval stages. A few larvae survived to day 11. Day 6 larvae 

were observed to develop free uropods which were equivalent to the stage III larvae (6 

days old) of Periclimenes indicus (Menon 1948). There was no significant relationship 
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between time and total larval length. Growth or development was not observed to differ 

between the two temperature trials.  
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Figure 2.3. One day old Phycomenes zostericola zoea. A, whole zoea displaying 
maxillipeds and pereopods; B, whole zoea displaying sessile eyes and four pairs of 
pereopods; C, close up of antennae and scales; D, lateral view of zoea showing 
distinctive bend characteristic of Caridean shrimp; E, close up of maxilliped feeding 
structures.  
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2.1.3 Part THREE. Abundance and movement of adults 

A series of field-based experiments are presented here, each testing hypotheses based on 

the daily abundance, movement and occupation of seagrass habitats. All experiments 

were conducted in Zostera capricorni (also known as Zostera muelleri) beds at the 

mouth of Loders Creek, in southern Moreton Bay, southeast Queensland (Fig. 2.4). The 

tidal range here is 1.5 metres, with only weak tidal flows across the study site (< 0.1 

m.sec-1). 

 

 
Figure 2.4. Map of Queensland, Australia with a zoom out, aerial photograph of 
southern Moreton Bay (©Googlearth) showing Loders Creek and its proximity to the 
Southport Seaway.  
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2.1.3.1 Experiment One: Abundance and distribution in a southeast Queensland 

seagrass bed 

Most studies report caridean shrimp in greater abundances within seagrass compared to 

bare habitat (sand or mud) (Schaffmeister et al. 2006). This pattern has also been 

observed for fish species (Ferrell & Bell 1991, Gray et al. 1998). I suspected from initial 

observations that Phycomenes zostericola was closely associated with seagrass, and I 

tested this in the first experiment by measuring P. zostericola densities inside seagrass 

patches and outside patches, on unvegetated sand. Since many animal species have 

different densities either immediately inside or outside the edge of seagrass patches 

compared with further in or out of patches (in what is known as an “edge effect”, Smith 

et al. 2008), I also sampled at different distances from the edge to determine any such 

pattern for P. zostericola. 

2.1.3.1.1 Experimental design and analysis 

I used a 50 cm wide push net (1 mm mesh) on a 2 m long handle to sample at 6 

positions along a transect running perpendicular to the patch edge: 2, 1 and 0 metres 

into seagrass patches, and 2, 1 and 0 m onto sand adjacent to seagrass. I sampled at low 

tide over several days in December 2006, sampling each of the 6 positions at 20 

randomly selected sites at the edge of large seagrass patches, during both the day and 

night (6 positions x 20 patches x 2 times of day = 240 samples in total). Differences in 

shrimp densities were tested using a 3-factor ANOVA using two fixed factors: Time 

(day/night) and Position (6 different positions) and one random factor: Patch (20 

patches). Where a factor was significant, SNK tests were used to examine differences 

among treatment means.  

 

2.1.3.1.2 RESULT 

P. zostericola was almost totally restricted to seagrass habitat (Figure 2.5). There were 

weak interactions between Position and the factors Patch and Time (both p ≤ 0.05), but 

there was no consistent difference between day and night, and in general variability 

among patches was less than the extremely strong Position effect (p ≤ 0.001). Within 

seagrass, there were no significant differences between any of the 3 positions within 

seagrass (i.e. no edge effect). Densities over sand were all very nearly zero, except that 

slightly more shrimp were caught over sand immediately alongside seagrass (the first 0 

– 0.5 m of sand), but only during the day.  
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Figure 2.5. Densities of P. zostericola (mean, SE) at 6 positions. Three positions inside 
seagrass and three over sand adjacent to seagrass, during the day and night (n = 20 
replicates at both time at all positions). 
 

2.1.3.2 Experiment Two: Daily movement among seagrass patches 

Artificial seagrass units were deployed at varying distances away from a large natural 

Zostera capricorni seagrass bed to measure the daily movement of shrimp over bare 

sand (presumably increasing the risk of predation) to move into new seagrass habitats. 

The aim of this study was to gain a better understanding of the extent and frequency of 

adult migrations between seagrass habitats. I hypothesised greater movement into closer 

seagrass units with shrimp abundance decreasing with increasing distance from the 

large, natural Zostera bed. 

 

2.1.3.2.1 METHODS 

2.1.3.2.1.1 

Artificial seagrass units (ASU) were constructed from green tarpaulin material to mimic 

colour, height and mean density of Zostera capricorni measured from the field: leaf 

blades 3–5mm wide and 37cm long, seagrass density of 288 blades.m2. ASUs were 0.5 

m2, with a total leaf surface area of 6.5 m2. ASUs were acclimated in situ for two 

months to allow the natural growth of epiphytes (Fig. 2.6).  

Seagrass Construction 
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Figure 2.6. Artificial seagrass units deployed amongst natural Zostera capricorni beds 
at Loders Creek mouth, Broadwater. A, Arrow indicating ASU surrounded by natural 
Zostera capricorni, after week four acclimation; B, Newly deployed ASUs adjacent to 
natural Z. capricorni beds; C, arrows indicate both a newly deployed ASU adjacent to a 
four-week-old ASU; D, close up acclimated and new ASUs.  
 

2.1.3.2.1.2 

Artificial seagrass units (ASUs) were lifted from the water to remove fauna and then 

placed at distances of 10, 20, 30, 40 & 50 m (n = 5 at each distance) away from natural 

seagrass. Care was taken to place all ASUs at similar water depths and to make sure that 

no other structured habitat was present between natural and experimental seagrass beds 

and that the nearest vegetated habitat was the natural seagrass bed. Each ASU was 

sampled using a hand net on five randomly selected days and numbers of Phycomenes 

zostericola documented. Results were analysed by 2-way analysis of variance 

(ANOVA). 

Experimental design 
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2.1.3.2.2 RESULT 

After twenty-four hours, on all days, shrimp moved at least 50 m across bare sand and 

into the experimental patch (Figure 2.7). Only the experimental seagrass patches at 10 

metres were found to contain significantly more shrimp than other distances (P ≤ 

0.001). No significant interaction between day and distance was found. 

 
Figure 2.7. Number of Phycomenes zostericola (mean, SE) from five artificial seagrass 
units (ASU) sampled on five days. Sampling days numbered from the first day ASUs 
were deployed.  
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2.1.3.3 Experiment Three: Shrimp density at different depths and seagrass densities 

Phycomenes zostericola abundance from different habitat zones was measured at 

different water depths. The aim of this experiment was to determine the effects of water 

depth, tidal zone and seagrass density on abundance. I hypothesised that subtidal 

seagrass would have greater abundance of shrimp during periods of both shallow and 

deep water due to the fact that it does not become completely emergent at any stage of 

the tide and therefore shrimp would not be forced to leave the patch at any time of the 

tide.  

 

2.1.3.3.1 METHODS 

2.1.3.3.1.1 

Phycomenes zostericola were sampled from 2 m2 areas (n = 6) using a hand-held sweep-

net (1 mm mesh). On three randomly chosen days, P. zostericola were sampled during 

both shallow (20cm) and deep (1 m) water depths, in both the intertidal and subtidal 

zones of a single large Zostera capricorni seagrass bed (Fig. 2.8). Due to the nature of 

the tides at the site, each combination of shallow/deep–intertidal and shallow/deep–

subtidal were sampled at different times within a single day. Significant changes in P. 

zostericola abundance were tested against site, depth and day log+1 data using a three-

way ANOVA. 

Experimental design 

 

 
Figure 2.8. Experimental diagram showing Zostera capricorni sampling zones 
(intertidal and subtidal) and different water heights sampled in the field. This design 
was repeated on 3 separate days. 
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2.1.3.3.2 RESULTS 

The density of Phycomenes zostericola differed among treatments, with a significant 

interaction (p = 0.03) between depth and zone (intertidal/subtidal). There was also a 

slightly significant interaction between day and zone, but the overwhelming influence 

was the depth – zone interaction. Shrimp densities were highest subtidally, at both deep 

and shallow water depths. Intertidally, when water was shallow, shrimp density was 

extremely low, and when water was deep, shrimp density was intermediate (significant 

SNK tests, p < 0.05). 

 

 
Figure 2.9. Phycomenes zostericola abundance (mean ± standard error) in intertidal and 
subtidal zones of a large seagrass bed during shallow (20 cm) and deep (>1 m) water 
depths, on three days.  
 
 

Although shrimp were more abundant in subtidal than intertidal seagrass, the seagrass 

appeared denser subtidally, and I hypothesised that the greater shrimp abundance 

subtidally might simply be correlated with the amount of seagrass (and thus cover, and 

potentially food). To test this, I measured seagrass biomass in the intertidal and subtidal 

zones to determine if biomass was greater in the subtidal areas. 

 

Complete seagrass shoots were sampled in 0.5 m2 plots from the intertidal zone (n = 10) 

and subtidal zone (n = 10) of the same large Zostera capricorni bed used earlier. Total 

number of shoots was counted from each plot. Number of leaves per shoot was 

estimated from a sub-sample of ten shoots per plot. Leaf length and width were 

estimated from a sub-sample of three shoots per plot. Total biomass was calculated 
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from the above parameters using a regression analysis based on previous Zostera 

capricorni biomass studies from the same seagrass bed (unpublished data, Rod 

Connolly). Formula: Y = 0.0011*X + 0.1728 (X = mean leaf length*number of 

shoots*mean number of leaves per shoot).  

 

Seagrass biomass was greater in the subtidal than intertidal zone (Fig. 2.10). The pattern 

observed for seagrass biomass was similar to the pattern of Phycomenes zostericola 

abundance.  

 

 
Figure 2.10. Seagrass biomass estimates (mean ± standard error) sampled from 
intertidal and subtidal habitat zones of a single large Zostera capricorni bed. 

 
 

 
I recalculated shrimp densities as mean values standardised by seagrass density (Figure 

2.11). This showed that in subtidal areas, and in intertidal areas at high tide (deeper 

water), shrimp densities are similar, and predictable once standardised by seagrass 

density. Standardised shrimp densities differed only at low tide in the intertidal zone. 

The lower densities there imply that some shrimp, about half, move out of the shallow 

seagrass with the ebbing tide.  
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Figure 2.11. Phycomenes zostericola per unit available biomass of seagrass within each 
zone, for each water depth. n.b. no standard error available when comparing means. 
 

2.2 DISCUSSION 

 

Upon reaching maturity Phycomenes zostericola brood continuously (based on similar 

taxa and laboratory observations appear to be in two week cycles) throughout most of 

the year for their entire life, which for most caridean shrimp is between one to two years 

(Bauer 2004). Phycomenes zostericola larvae are not capable of active swimming, but 

can remain in suspension provided they have access to suitable currents. The lack of 

active larval swimming may indicate that P. zostericola may only disperse as larvae if 

they have access to currents. Under laboratory conditions larvae survived for at least 11 

days. As the larval stages are very similar to those observed for the seagrass-dwelling 

Periclimenes indicus (Menon 1948) and other Periclimenes species (Calado et al. 2003, 

dos Santos et al. 2004), we can assume that similarly, larvae for Phycomenes zostericola 

may persist anywhere from two to three weeks. The positively phototactic behaviour 

observed in newly hatched larvae suggests that once larvae are in the currents, they are 

capable of vertical migration in response to light. High larval mortality is common in 

captive shrimp (Calado et al. 2003, Calado et al. 2005) and providing shrimp with the 

right nutritional conditions can be very complicated (Simoes et al. 2002). It is not 

known if the high larval mortality observed here also occurs in the field. In the 

laboratory experiments, conditions and food might not have been suitable for normal 
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survival. I nevertheless confirmed that larvae last for more than a few days and that P. 

zostericola does not fall into the category of abbreviated larval development. 

 

The short adult life-span, intensive brooding of large egg masses and rapid embryonic 

development are characteristically r-selected traits (Mac Arthur & Wilson 1967). If P. 

zostericola are typical of other r-selected species then they will also be quick to mature 

from post-larval to reproductively active adult (Pianka 1970, Bauer 2004). The 

evolution of r-selected species is thought to arise mostly in species living in disturbed or 

unpredictable environments (Mac Arthur & Wilson 1967). However, as seagrass 

habitats are relatively predictable over time scales relevant to shrimp survival (1–2 

years) it is likely that heavy fish predation in seagrass habitats (Hindell et al. 2000a) is 

the driver of r-selection in seagrass shrimp.  

 

Adult P. zostericola were observed to be one of the most numerically abundant species 

in the Loders Creek seagrass beds. Their abundance was greater in areas of dense 

seagrass, and they were rarely found in the surrounding sand or rubble environments. 

The close association of P. zostericola to seagrass presumably involves a number of 

benefits for this small crustacean. Firstly, for P. zostericola individuals, proximity is the 

key to reproductive success. Every two weeks throughout the breeding season P. 

zostericola females have a small window in time to fertilize their eggs. Caridean shrimp 

rely on chemical cues (Bauer 2004), which quickly diffuse in aqueous environments and 

so the closer a mate is, and the more of them, the better. Secondly, shrimp are a 

preferred food of many fish species, so habitat complexity provides protection. Seagrass 

density is frequently found to be positively correlated with caridean abundance (Mellors 

& Marsh 1993, Unsworth et al. 2007) and negatively correlated with predator success 

(Heck & Thoman 1981, Leber 1985).  

 

Although Phycomenes zostericola has not been directly identified as a prey species, 

their abundance throughout the year suggests that they would provide a reliable and 

valuable food source for fish and large crustacean predators hunting in and around 

seagrass habitats (Haywood et al. 1995, Perkins-Visser et al. 1996, Nagelkerken et al. 

2000). P. zostericola play a dual role as both prey and predator in seagrass, as 

preliminary gut contents and laboratory observations suggest they not only graze upon 

diatoms, but also are successful predators of peracarids (isopods, amphipods and 

copepods). The presence of the grass shrimp Palaemon elegans plays a significant role 
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in trophic cascades, influencing the health and persistence of eelgrass beds in Baltic 

waters (Persson et al. 2008). As the most abundant caridean in Queensland seagrass 

meadows, P. zostericola is also likely to contribute significantly to food web dynamics.  

 

If seagrass provides a high level of protection and mate choice, then why leave? Adult 

P. zostericola migrate over 10 to 50 metres of open sand to inhabit new seagrass 

patches every day. Caridean shrimp are thought to have finely tuned chemical senses 

(Bauer 2004) and may detect adjacent seagrass habitats. Seagrass species from 

Mauritian seagrass beds have been shown to remain within deep seagrass filled ponds 

within the intertidal zones at low tide and to move between them on higher tides 

(Schaffmeister et al. 2006). As no deep ponds existed at Loders creek for shrimp to 

move into on a low tide they could only have moved into adjacent or near-by habitats. 

The adults of P. zostericola clearly move between seagrass patches regularly. However, 

at this stage it is unknown whether these daily movements are cumulative and add up, 

for example, to a distance of several kilometres or more a week, or whether individuals 

show homing tendencies and remain near residential beds.  

 

Phycomenes zostericola appear capable of movement between seagrass patches and are 

likely to display high levels of connectivity. Larvae display little potential for active 

dispersal, but would be capable of dispersing great distances in coastal currents. P. 

zostericola is broadly distributed throughout shallow seagrass beds in Queensland, and 

the level of connectivity between these populations will be the focus for most of the 

following chapters.  
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Chapter 3  GENERAL MOLECULAR METHODS 

 

This chapter outlines the laboratory methods and data analyses that are repeated in the 

following chapters. All results and any specific methods and analyses are outlined 

within the appropriate chapter. 

 

3.1 SPECIMEN COLLECTION STRATEGY 

Samples of seagrass shrimp were collected under a general fisheries permit (Fisheries 

Act 1994), Queensland Government, Department of Primary Industries and Fisheries 

permit number 90306. Sampling locations (Table 3.1) were chosen to provide the 

widest possible geographic sampling along the coast of Queensland (Fig. 3.1) and 

Torres Strait (Fig. 3.2) within the scope of the study. Sampling sites were chosen firstly, 

to test hypotheses based on the influence of biogeographic breaks and ocean currents on 

the connectivity among seagrass populations of shrimp (Fig. 3.3) and secondly, based 

on their accessibility by foot or by small boat. All sites occurred less than 200 m from 

shore and in less than 2 m of water during time of sampling. Shrimp were caught from 

within seagrass beds using hand-held dip nets (Fig. 3.4) and preserved in ~70% ethanol. 
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Table 3.1. Location, site, co-ordinates and date sampled for seagrass shrimp in Queensland. Seagrass was identified to species level where 
possible. 
Location Site Dominant seagrass taxa Latitude Longitude 
Torres Strait west Moa Islands Indeterminate mix of Zostera capricorni and 

Enhalus acoroides 
10º 14’ 07.14’’S 142º 13’ 27.22’’ E 

 Mabuig Island As above 09º 57’ 04.06’’S 142º 12’ 06.85’’ E 
 Thursday Island As above 10º 35’ 10.04’’S 142º 13’ 18.03’’ E 
Torres Strait central Saibai Island As above 09º 22’ 18.46’’S 142º 37’ 02.14’’ E 
 Boigu Island As above 09º 14’ 56.84’’S 142º 14’ 02.91’’ E 
 Coconut Island As above 10º 02’ 46.55’’S 143º 04’ 37.85’’ E 
 Yam Island As above 09º 53’ 43.19’’S 142º 45’ 45.23’’ E 
Torres Strait east Erub Island As above 09º 36’ 38.88’’S 143º 46’ 25.10’’ E 
 Ugar Island As above 09º 30’ 31.39’’S 143º 33’ 05.41’’ E 
 Murray Island As above 10º 01’ 46.19’’S 143º 08’ 42.37’’ E 
Gulf of Carpentaria Karumba As above 17º 28’ 18.79’’S 140º 49’ 16.78’’ E 
Weipa Weipa Harbour Enhalus acoroides 12º 40’ 32.44’’S 141º 52’ 44.73’’ E 
Cooktown Archer Point Sargassum* 15º 36’ 23.81’’S 145º 19’ 35.79’’ E 
 Elim Beach Halodule uninervis & Cymodocea rotundata 15º 15’ 24.55’’S 145º 16’ 15.38’’ E 
 Endeavour river Halodule uninervis& Cymodocea rotundata 15º 27’ 18.88’’S 145º 13’ 43.27’’ E 
Cairns Cairns harbour Zostera capricorni 16º 54’ 00.77’’S 142º 45’ 27.20’’ E 
 Green Island Zostera / Halodule 16º 45’ 35.64’’S 145º 58’ 15.64’’ E 
Townsville Bushland Beach Zostera 19º 11’ 18.25’’S 146º 40’ 56.97’’ E 
Bowen Dingo Beach Halophila sp. 20º 05’ 17.29’’S 148º 25’ 51.79’’ E 
 Bowen harbour Zostera capricorni 20º 01’ 05.09’’S 148º 15’ 00.21’’ E 
Mackay Findlaysons point, Seaforth Zostera, shallow pools 20º 52’ 04.90’’S 148º 56’ 59.13’’ E 
Gladstone Curtis Island Zostera / Halophila 23º 47’ 31.89’’S 151º 18’ 12.69’’ E 
Bundaberg Baffle Creek Zostera capricorni 24º 31’ 24.05’’S 152º 02’ 57.48’’ E 
Great Sandy Straits Poona Zostera capricorni 25º 42’ 46.26’’S 152º 55’ 28.04’’ E 
 Tinnanbar Halophila uninervis 25º 42’ 27.02’’S 152º 57’ 32.26’’ E 
 Inskip point Zostera capricorni 25º 49’ 08.14’’S 153º 03’ 47.47’’ E 
Noosa Lake Weyba Zostera capricorni 26º 25’ 20.66’’S 153º 04’ 35.44’’ E 
Moreton Bay Pumicestone Passage Zostera & Halophila 27º 04’ 10.28’’S 153º 08’ 15.78’’ E 
 Loders Creek Zostera capricorni 27º 57’ 13.11’’S 153º 24’ 38.92’’ E 
Stradbroke Island Dunwich Cymodocea serrulata 27º 29’ 42.41’’S 153º 23’ 59.73’’ E 
Qld / NSW border Tallebudgera Creek Zostera capricorni 28º 05’ 53.74’’S 153º 27’ 25.62’’ E 
* Sargassum was the only algal taxon from which shrimp were sampled for this study.
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Figure 3.1. All Queensland sampling locations where seagrass shrimp were captured for 
this study. Sampling sites within locations are listed here from north to south: Torres 
Strait (see Fig. 2); Cooktown (Elim Beach, Endeavour River & Archer Point); Cairns 
(Cairns Harbour & Green Island); Great Sandy Straits (Poona, Tinnanbar & Inskip 
Point); Moreton Bay (Pumicestone Passage & Loders Creek). The Great Sandy Straits 
are a stretch of water between Fraser Island and mainland Queensland, and Moreton 
Bay is a large marine embayment between Stradbroke Island and mainland Queensland.  
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Figure 3.2. All Torres Strait sampling locations. All islands that are labelled were 
sampled for seagrass shrimp. Torres Strait is historically divided into west, central and 
east islands.  
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Figure 3.3. Map of Australia showing the major ocean currents along the northern and 
eastern Australian coastlines.  
 
Three hypothesised biogeographic breaks are situated along the Queensland coastline. 
The first is between Torres Strait and the Queensland east coast and is thought to have 
occurred due to fluctuating sea levels throughout the Pleistocene. A potential exists for 
a second break at 15 ºS due to the divergence of the Southern Equatorial Current. A 
third break at 23 ºS was hypothesised due to a number of factors, including currents, the 
presence of Fraser Island, the change in shelf width, and the tropical – temperate 
temperature gradient. Chapter 5 offers a full explanation of these biogeographic breaks 
and how they are hypothesised to affect genetic structure. 
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Figure 3.4. Field sampling technique and seagrass habitat. A. Site access by foot, using 
hand-held dip net at Seaforth, central Queensland; B. Site access by boat, using hand-
held dip net in the Endeavour River, Cooktown, north Queensland; C. Continuous 
Zostera capricorni seagrass beds, Pumicestone Passage, Moreton Bay, southeast 
Queensland; D. Fragmented Zostera capricorni beds, Loders Creek, Moreton Bay, 
southeast Queensland.  
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3.2 MOLECULAR TECHNIQUES 

 

3.2.1 DNA extraction 

The distal abdominal segments of all shrimp were sectioned, with care not to include 

any eggs from gravid female specimens. The distal section was chosen to avoid the 

potential extraction of food contents in the foregut. Total deoxyribonucleic acid (DNA) 

was extracted using a modification of the hexadecyl-trimethyl ammonium bromide 

(CTAB) / phenol-chloroform DNA extraction protocol (Dolye & Doyle, 1987). Once 

dissected, specimen portions were left for a few minutes to allow ethanol to evaporate; 

tissue was placed into a clean 1.5mL eppendorf tube and cells were digested using 5 µl 

of proteinase K (20mg/ml) and 700 µl of CTAB buffer. The digestion was incubated in 

an agitator at 60 ºC overnight. To remove proteins and lipids, 350 µl of phenol and 350 

µl of chloroform:isoamyl (24:1) were added to each sample and mixed gently for 30 

minutes, then centrifuged at 13 500 rpm for 5 minutes. The upper aqueous phase was 

pipetted into a clean 1.5 mL eppendorf tube and 600 µl of chloroform:isoamyl (24:1) 

was added; samples were then mixed gently for 20 minutes and centrifuged at 13 500 

rpm for 5 minutes. The upper aqueous layer was again removed and placed into a clean 

1.5 mL eppendorf tube. DNA was precipitated with the addition of 700 µl of freezer-

cold isopropanol and left at -20 ºC for 1 hour. The DNA was pelleted by centrifuging at 

13 500 rpm for 30 minutes; the isopropanol was removed and DNA was cleaned with 

two washes of 70% ethanol and dried in a vacuum. The DNA was resuspended in 50 µl 

of double distilled water and stored at 4 ºC. 

 

3.2.2 Mitochondrial DNA amplification conditions 

Mitochondria have their own DNA, and in most cases mitochondrial DNA (mtDNA) is 

maternally inherited as a non-recombining whole unit (Avise 1994). Thus it provides a 

clonally inherited marker that traces the maternal lineage. Several mitochondrial genes 

are used in phylogenetic and phylogeographic studies. Novel mtDNA sequences are 

referred to as haplotypes. The cytochrome oxidase I (COI) gene is a rapidly mutating 

gene with high levels of variation within crustacean species (Costa et al. 2007). For this 

reason it is a useful tool to examine gene flow and population relationships within 

species. 
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For this study, the mitochondrial genes 16S and COI were both trialled and COI was 

deemed the more informative of the two as it is less conserved than 16S and thus 

contained a greater level of variation within species. An ~800 base pair fragment of the 

mitochondrial cytochrome oxidase subunit I gene (COI) was amplified with the 

polymerase chain reaction (PCR). An Eppendorf Mastercycler Gradient or an Applied 

Biosystems Geneamp PCR System 2700 and 9700 were used during this study. 

 

PCR reactions contained approximately 30 - 40 ng of template DNA, 0.5 1M of each 

primer (Table 3.2), 0.5 mM dNTP (Astral Scientific, Caringbah, New South Wales, 

Australia), 2 mM MgCl2, 1μl of 10x polymerase reaction buffer and 0.02 units of Taq 

polymerase (Fisher Biotech, Subiaco, Australia) adjusted to a final volume of 10 μl with 

double distilled water. PCR followed the thermo-cycling profile of: 5 minutes at 94 ºC; 

15 cycles of 30 seconds at 94 ºC, 30 seconds at 45-50 ºC and 30 seconds at 72 ºC; then 

25 cycles of 30 seconds at 94 ºC, 30 seconds at 50-55 ºC and 30 seconds at 72 ºC; 

followed by an extension step of 5 minutes at 72 ºC and a final hold at 4ºC. 

 

3.2.3 Nuclear gene amplification conditions 

MyHC amplification conditions were similar to mitochondrial conditions. However, the 

thermo-cycling profile was adjusted to: 5 minutes at 94 ºC; 40 cycles of 30 seconds at 

94ºC, 30 seconds at 60 ºC and 30 seconds at 72 ºC; followed by an extension step of 5 

minutes at 72 ºC and a final hold at 4ºC. 
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Table 3.2. Primer sequences for mtDNA and nDNA. 
Mitochondrial target genes Primer name Sequence 5’ to 3’ Reference 
Cytochrome oxidase I CR COI F CWACMAAYCATAAGAYATTGG (Cook et al. 2008b) 
COI-Crustacean CR COI R GCRGANGTRAARTARGCTCG (Cook et al. 2008b) 
COI-Universal LCO TGATTTTTTGGTCACCCTGAAGTTCA (Folmer et al. 1994) 
COI-Universal HCO GGTCAACAAATCATAAAGATATTG G (Folmer et al. 1994) 
COI-Latreutes LAT 1 F TAACAGCCCACGCATTTATT This study* 
 LAT 1 R GCTCGTGTATCTACGTCTATTCC This study* 
 LAT 2 F CCTATATAGCCTTCCCTCG This study* 
 LAT 2 R CTGTGAACATATGATGGGCTC This study* 
 LAT 3 F GAAGCCAGGAAGATTAATTGGA This study* 
 LAT 3 R GGCTCGTGTATCTACATCTATTC This study* 
16S - Crustacean 16S F CAR TGCCTGTTTATCAAAAACATGTC (von Rintelen et al. 2007) 
 16S R CAR1 GAAAGATAGAAACTAACCTGGCT (von Rintelen et al. 2007) 
Nuclear target genes    
Myosin heavy chain MyHC1124 F AAGCTCGAGTCTGACATCA (Williams et al. 2002) 
 MyHC1806 R GCACTTCCTCAGGTTCTTCT (Williams et al. 2002) 
28S 28S F-Pen ACCCGCCTAATTTAAGCATAT (Crandall et al. 2000) 
 28S Rmod GCTATCCTGAGGGAAACTTC (Crandall et al. 2000) 
Internal transcriber gene II CAS5p8sFc TGAACATCGACATTTYGAACGCACAT (Ji et al. 2003) 
 CAS28sB1d TTCTTTTCCTCCSCTTAYTRATATGCTTAA (Ji et al. 2003) 
Histone 3 H3AF ATGGCTCGTACCAAGCAGACVGC (Colgan et al. 1998) 
 H3AR ATATCCTTRGGCATRATRGTGAC (Colgan et al. 1998) 
Adenine nucleotide transporter DecapANT-F CCTCTTGAYTTCGCKCGAAC (Teske & Beheregaray 2008) 
 DecapANT-R TCATCATGCGCCTACGCAC (Teske & Beheregaray 2008) 
* designed from an internal fragment from an amplification of COI with LCO/HCO on Latreutes sp. 
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3.2.4 Gel checks 

PCR success was visualised by running product through a 1% agarose gel containing 

ethidium bromide. Later in this study, the less toxic Gel Red stain (Biotium) was used in 

gels. PCR products were always run alongside a 1kb DNA size ladder (Fermentas) and 

also positive and negative PCR controls. 

 

3.2.5 Clean up and sequencing 

PCR product was purified with the exonuclease I-shrimp alkaline phosphatise (exo-sap) 

method, using 7 μl PCR product, 1 μl shrimp alkaline phosphatise (Promega), and 

0.25iμl exonuclease I (Fermentas) and a two-step thermal cycling profile of: 35 minutes 

at 35 ºC and 20 minutes at 80 ºC. Sequencing reactions contained 1 μl purified product, 

1 μl forward primer, 0.5 μl BigDye v1.1 (Applied Biosystems), and 2 μl BigDye 5 x 

sequencing buffer (Applied Biosystems) and 5.5 μl of water with the following thermal 

cycling profile: 1 minute at 96; 30 cycles of 10 s at 96 ºC, 5 s at 50 ºC, and 4 minutes at 

60 ºC; and a hold at 4 ºC. Sequencing was conducted on a 3130xl Capillary 

Electrophoresis Genetic Analyser (Applied Biosystems). 

 

3.2.6 Sequence alignment 

Sequences were aligned and edited using Sequencher version 4.1.2 (Gene Codes 2000). 

COI and MyHC datasets were aligned at default settings. No gaps occurred in any 

alignments. As crustaceans are well known for containing pseudogenes for the 

mitochondrial fragment COI (Song et al. 2008); all sequences were transformed into 

codons and scanned for internal stop codons. No stop codons were found in any of the 

fragments and so all were used in data analyses. 

 

3.3 POPULATION STATISTICAL ANALYSES 

Estimates of haplotype and nucleotide diversity were calculated using DNASP 4.0 

(Rozas et al. 2003). During population range expansion, the expanding “front” or newer 

populations would be expected to have lower genetic diversity when compared to 

ancestral populations (Hewitt 1996); relationships between haplotype diversity (h) and 

nucleotide diversity (π) with geographic location were examined within all 

mitochondrial data sets. To determine relationships between pairs of populations a 
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pairwise analysis of FST and ФST was used. Pairwise comparisons of FST and ФST values 

were calculated in Arlequin 3.1 using 1 000 bootstrap repetitions (Excoffier et al. 2005). 

To decrease the possibility that significant pairwise comparisons have arisen by chance, 

a modified false discovery rate (FDR) correction (Narum 2006) was used, where alpha 

equalled 0.05 and calculated probability values, using the following equation, were 

considered significant: ∑
=

k

i
i

1
)/1(/α  where k = number of hypothesis tests. Partitioning of 

molecular variance within mitochondrial data sets was analysed using both an analysis 

of molecular variance (AMOVA, Excoffier et al. 1992) and a spatial analysis of 

molecular variance (SAMOVA, Dupanloup et al. 2002). 

 

3.3.1 Mantel test for isolation by distance 

A Mantel test is a statistical test of the correlation between two matrices. In molecular 

ecology a significant positive correlation between genetic and geographic distances 

indicates isolation by distance effects on the populations used in the test. In this study 

the input data consisted of a matrix of distance values (in kilometres) and genetic 

distance, ΦST (haplotype frequency) value. Geographic distances were estimated using 

straight line measurements between sites charted in Google Earth and ΦST values 

underwent Slatkin’s linearization. Linearised values were used instead of straight ΦST 

values to normalise data and dispose of negative values. Mantel test was calculated 

using 1000 permutations by the program Arlequin version 3.1 (Excoffier et al. 2005). 

 

3.3.2 Neutrality tests and mismatch distributions 

Tajima’s D (Tajima 1989) and Fu’s FS (Fu 1997) tests were used to determine if 

sequence variation was consistent with predictions under the neutral model. Tajima’s D 

compares two estimates of diversity which should be the same under neutrality whilst 

Fu’s FS compares the observed number of haplotypes to that expected under neutrality; 

negative values in both analyses result from an excess of substitutions relative to 

expectations for a constant sized population and may be interpreted as evidence for 

recent population expansion. Fu’s FS is sensitive to population demographic expansion, 

which is indicated by negative FS values larger than those found in Tajima’s D (Fu 

1997).  
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Haplotypes were placed into clade groups from a chosen nesting level of the nested 

clade phylogeographic analysis. Mismatch distributions are histogram plots of all 

possible pairwise differences in the data set compared to theoretical plots under 

different demographic scenarios (stable population size and growth). Parameters of the 

mismatch distributions, with 95% confidence intervals, were calculated using a 

generalised least-square approach (Schneider & Excoffier 1999, Excoffier 2004) with 

the addition of Harpending’s raggedness index. The raggedness test is significant if 

observed parameters do not fit a sudden expansion model. The raggedness of a 

mismatch distribution should increase with the size and stability of populations 

(Harpending 1994).  

 

3.4 PHYLOGEOGRAPHIC ANALYSIS 

To separate patterns of population history from geographic distribution I used both an 

automated nested clade phylogeographic analysis (Panchal 2007) and a nested clade 

phylogeographic analysis (NCPA; Templeton et al. 1995). Nested clade 

phylogeographic analysis, and especially the automated version has been criticised for 

producing false positives (Panchal 2007). The nesting and inference key of the 

phylogeographic analysis were completed by hand to compare final results between the 

automated version and NCPA (see below).  

 

Both analyses use distance statistics (D), which are geographic values. The Dc value is a 

measure of clade distance and averages the distance of all members within a clade from 

a geographically central point relative to that clade. The Dn is the nested clade distance 

value and is a measure of the displacement of a clade from the geographic centre of the 

clade it is nested within. Distance statistics are significantly small or large when they lie 

outside the 95th percentile of the confidence values. The position of the clade is either 

interior (ancestral) or a tip (the evolutionary descendants from interior clades). An 

inference key uses distance values, distance ratios, tip or interior information and other 

geographical and haplotype information to infer the migration and demographic 

histories of all clades within a network. 
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3.4.1 Automated nested clade phylogeographic analysis 

The automated program generates a haplotype network using TCS (Clement et al. 

2000), uses a nesting algorithm (Templeton et al. 1987, Templeton & Sing 1993), to 

calculate Dn and Dc statistics using Geodis (Posada et al. 2000) and applies the most 

recent inference key to infer biological explanations for clades found to display 

significant structure. 

 

3.4.2 Nested clade phylogeographic analysis 

Haplotype networks were constructed using statistical parsimony (95% probability 

cutoff) in TCS software, version 1.21 (Clement et al. 2000). Before clades were nested, 

ambiguous loops were resolved using predictions from coalescent theory (Templeton & 

Sing 1993, Posada & Crandall 2001). The three main predictions used to break loops 

were: 1, haplotypes are more likely connected to common rather than rare haplotypes; 2, 

haplotypes are more likely connected to interior (ancestral) rather than exterior 

haplotypes and 3, haplotypes are more likely connected to those of a similar 

geographical location than those of a distant geographical location. Clades were then 

nested by hand using rules from Templeton et al. (1987, 1993, 1995). An input file for 

the geographical locations and nested haplotype design was run by Geodis 2.5 (Posada 

et al. 2000). The Geodis output was assessed using the latest version of the GEODIS 

inference key (15th December 2008) to infer biological explanations for clades found to 

display significant structure. Although nested clade phylogeographic analysis has been 

the subject of recent criticism (Petit 2008, and references therein) it remains a valuable 

phylogeographic tool (Templeton 2008); particularly when inferences are corroborated 

by independent analyses.  
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3.5 COALESCENT ANALYSIS  

Hypotheses that the populations may have experienced isolation and vicariance due to 

the last glacial maximum were tested using coalescent analysis (Fig. 3.5). 

 

 
Fig. 3.5. The isolation with migration (IM) model, reproduced from Hey (2004). The 
basic demographic parameters are constant effective population sizes for population one 
(N1), population two (N2) and the ancestral population (NA). Gene-flow rates per gene 
copy per generation from: population 1 to 2 (m1) and from population 2 to 1 (m2). The 
time of population splitting is estimated at t generations in the past. The parameters in 
the second set are all scaled by the neutral mutation rate μ, and it is these parameters 
that are used in the model fitting. 
 

Population divergence times (t), effective population size (Ne) and the time to most 

recent common ancestor (TMRCA) were calculated using the IM program (Hey & 

Nielsen 2004). Where there was an absence of genetic structure between populations, 

populations were grouped into region; for example Loders Creek and Pumicestone 

Passage are geographically close and did not display significant paired FST or ΦST 

values and as they are both situated within Moreton Bay were grouped as such. 

Divergence times were estimated between each pair of adjacent locations, along with 

the effective population size for each population. Preliminary analyses using wide 

intervals were used to estimate initial prior distributions. Metropolis coupling was used 

to swap between 10 and 20 chains with heating of all chains set at g1 = 0.8, g2 = 0.9 to 

ensure the effective sampling of parameter space. All runs were executed for three 

million updates. Posterior distributions (including 90% credibility intervals) provided 
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estimates of population divergence time (t), and contemporary and ancestral theta (θ1or2 

and θA). To convert divergence time into years, a sequence divergence rate of 1.4 % for 

cytochrome oxidase I (Knowlton & Weigt 1998) was used. Generation time of one year 

was used in IM calculations, with generation time taken to mean the mid-point between 

becoming a reproductive individual and dying (refer chapter 2). Runs were repeated for 

each pairwise comparison of adjacent populations to ensure parameter estimates were 

consistent.  

 

3.6 MOLECULAR RATES AND DIVERGENCE DATES FOR CARIDEAN 

SHRIMP SPECIES 

For all following chapters the sequence divergence rate of 1.4 % is used for cytochrome 

oxidase I (Knowlton & Weigt 1998). The use of molecular clocks is not without 

controversy (Heads 2005, Ho, 2005, but see Emerson 2007) and molecular rates have 

been shown to vary between taxonomic groups (Britten 1986). The 1.4% divergence has 

been calibrated against multiple caridean sister taxa, separated by the closure of the 

Isthmus of Panama (Knowlton & Weigt 1998, Morrison et al. 2004) and was considered 

the most suitable to apply to the species documented in this thesis. Other studies have 

reported sequence divergence rates of 1.25 % for isopods (Ketmaier et al. 2003); 5.16 % 

for freshwater shrimp (Page et al. 2008); 1.66 % for terrestrial crabs (Schubart et al. 

1998) and even 20 % for a species of cave shrimp (Craft et al. 2008). Although it is 

probable that the 1.4 % per million years sequence divergence rate does not apply to all 

caridean shrimp taxa, in the absence of species or genus specific molecular evolutionary 

rates, the 1.4 % rate is currently the most widely used and the most appropriate rate 

available. 

 

3.7 ANONYMOUS LOCI DEVELOPMENT 

Anonymous loci can be used in a similar way in which microsatellites are used. The aim 

here was to find loci that were variable within a single species of shrimp. All trials were 

performed on specimens of Phycomenes zostericola from Loders Creek, Southern 

Moreton Bay. Several anonymous loci were successfully amplified using a combination 

of methods adjusted from Glenn & Schable (2005). An abbreviated outline of the 

method is summarized below. 
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3.7.1 Extraction, Digestion, Amplification and Ligation 

Between 5 and 10 whole shrimp were extracted using the phenol / chloroform method 

detailed above. DNA was then digested with the enzyme DpnII (BioLabs). Sau linkers 

(Sigma-Genosys) were ligated to digested fragments and amplified by PCR. Whole 

PCR products were run on an agarose gel and fragments between the sizes of 400 – 800 

base pairs were excised and purified. 

 

3.7.2 Transformation, Screening and Primer design 

pGEM-4z vectors (Promega) were cut using the restriction enzyme BamHI (Fermentas) 

and digested fragments were ligated into the vector using T4 DNA ligase (Invitrogen). 

Vectors containing digested DNA fragments were inserted into ampicillin resistant 

ElectrocompTM cells (Invitrogen) via transformation and grown on ampicillin 

impregnated agar plates. Individual colonies were picked and screened by PCR using 

M13 primers (Sigma-Genosys). PCR products were run on agarose gels and positive 

amplifications underwent “exo-sap” clean-up and sequencing via the method outlined 

above for mitochondrial DNA. Sequences were blasted on Genbank to ensure fragments 

were not known mitochondrial loci. Primers for anonymous loci were designed using 

Primer-BLAST (National Centre for Biotechnology Information). 

 

The anonymous loci protocol above was followed multiple times over a six month 

period and produced many anonymous loci. However, none were variable between even 

the most geographically distant populations of Phycomenes zostericola. Whilst this 

method provides a valuable means of obtaining nuclear DNA data for phylogeographic 

analysis, it is laborious and typically has a low result yield per effort (Bagley et al. 

1997). The more recent, though expensive, array-based methods of pyrosequencing may 

overcome the initial laborious task of identifying anonymous loci and are recommended 

for future consideration.  
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Chapter 4 THE DISCOVERY OF SIBLING TAXA: AN ANALYSIS 

OF TWO CRYPTIC PONTONIINE SEAGRASS SHRIMP 

LIVING IN SYMPATRY 

 

4.1 INTRODUCTION 

 

There are many definitions for the term ‘species’ (Ruse 1969, De Queiroz 2007). One 

popular definition is the biological species concept which defines species as groups that 

are reproductively isolated from other such groups (Mayr 1948). Separate species can 

emerge from initial genetic differences between populations which are then exposed to 

extrinsic or intrinsic barriers to gene flow for long enough to become reproductively 

isolated. The nature of genetic divergence and reproductive isolation among marine 

species has been comprehensively studied and reviewed (Palumbi 1992, Knowlton 

1993, Palumbi 1994, Knowlton 2000, Hellberg 2009). Chemical communication 

systems in marine species are so specific that even slight changes may facilitate 

reproductive isolation and divergence (Knowlton 2000). A change in habitat preferences 

may also lead to the evolution of divergent life history characteristics (Orr & Smith 

1998), particularly in the intertidal and shallow subtidal areas where sharp disturbance 

gradients occur (Knowlton 1993). For marine species with high dispersal potential, 

large population sizes and ample gene flow, divergence and speciation should be slow. 

However, increasing evidence suggests that ecological shifts initiate rapid divergences 

between populations (Orr & Smith 1998, and references therein).  

 

Divergence may be accelerated by selection. Selection is not limited by time nor space, 

it can operate over very short temporal scales (see, Hilbish 1985) and small spatial 

scales; ranging from kilometres for the copepod Tigriopus californicus (Burton 1997) to 

meters for intertidal gastropod Littorina saxatilis (Wilding et al. 2001). Genes under 

selection are not necessarily species specific; selection for insecticide resistance, for 

example, has been observed in multiple orders of insect (ffrench-Constant et al. 2000). 

 

The divergence of two or more morphologically identical lineages into reproductively 

isolated species is often termed cryptic or sibling speciation (Knowlton 2000). Marine 

sibling species are ubiquitous and can be found at almost any depth and at all latitudes 
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(Knowlton 1993), even in the absence of obvious biogeographical boundaries (Hellberg 

1998, Barber et al. 2000, Mathews et al. 2002).  

 

Where sibling species live in sympatry, competition may affect fitness and survival. 

Sympatric sibling species may avoid direct competition by partitioning resources such 

as microhabitat; which was observed in burrowing alpheid (snapping) shrimp where 

each species dominated its own specific patch of habitat (Mathews et al. 2002). Direct 

competition between sibling species may also be avoided by partitioning resources such 

as reproductive season, microhabitat or diet preferences (Stevens 1990, Palumbi 1994, 

Mathews et al. 2002). Simply observing sibling species in sympatry does not 

demonstrate sympatric speciation; species divergence may predate secondary contact; as 

was found for a cryptic and cosmopolitan copepod species complex (Lee 2000).  

 

The timing of molecular divergence between sibling taxa can be provided from the 

fossil record and also by estimating the date of the formation of strong and definite 

biogeographic boundaries to gene flow. A broadly used marine example is the Isthmus 

of Panama, where the closure of the connection between the Caribbean and east Pacific 

Ocean three million years ago was used to estimate the time of divergence between 

multiple sibling pairs of snapping shrimp (Knowlton & Weigt 1998), sea urchins 

(Bermingham & Lessios 1993) and other invertebrates (Jackson et al. 1993, Collins 

1996).  

 

The identification of cryptic species is important to allow for more accurate estimates of 

marine biodiversity. Further, competition theory is based on the understanding of a 

species, it is difficult to identify competitive abilities and ecological interactions 

between taxa without knowing which organisms are true species (Knowlton 1993). The 

failure to recognise marine sibling species may lead to mismanagement of invasive 

species, or even the failure to conserve cryptic species. The appearance or 

disappearance of a cryptic invader, important fisheries species or environmental 

indicator species may go completely undetected if cryptic taxa are not identified.  

 

Analysis of the mitochondrial data for cytochrome oxidase I (COI) of Phycomenes 

zostericola uncovered two deeply divergent lineages from Queensland seagrass 

meadows; individuals from the two lineages were morphologically indistinguishable 

(A.J. Bruce, Queensland Museum, pers. comm.). The aim of this chapter was to explore 
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the phylogenetic relationship between the two lineages of Phycomenes and to determine 

if there was any evidence of reproductive isolation or hybridisation with the use of 

nuclear markers. Reproductive isolation between the two lineages is expected to have 

occurred long enough ago to produce divergence in some faster evolving nuclear loci. 

The pattern of divergence in nuclear loci is expected to be congruent with the 

divergence found between the two mitochondrial lineages. If the two divergent lineages 

are currently reproducing I expect to find the population in Hardy-Weinberg 

Equilibrium; and in contrast, they should deviate from Hardy-Weinberg predictions if 

lineages are reproductively isolated.  

 

4.2 METHODS 

 

4.2.1 DNA extraction and PCR and sequencing 

Details of extraction, PCR and sequencing methods can be found for mitochondrial 

cytochrome–oxidase I in Chapter 3: General molecular methods. The amplification of 

the nuclear gene myosin heavy chain (MyHC) is detailed below. 

 

4.2.2 Mitochondrial COI likelihood methods 

Phylogenetic and molecular evolutionary analyses were conducted on populations from 

two divergent mitochondrial lineages of Phycomenes zostericola using MEGA version 4 

(Tamura et al. 2007). The net mean genetic distance between the 159 samples (lineage 1 

n = 127; lineage 2 n = 32) applied a bootstrap value of 1 000 and a maximum composite 

likelihood model. Outputs provided a divergence estimate and standard error. The 

divergence estimate was calculated with a 1.4 % evolutionary rate for the crustacean 

mitochondrial gene COI (Knowlton & Weigt 1998). A maximum parsimony phylogeny 

was then inferred from 1 000 replicates and was taken to represent the evolutionary 

relationship between ten individuals from each of the Phycomenes lineages. The 

maximum likelihood tree was obtained using RAxML (Stamatakis et al. 2005, 

Stamatakis 2006) via the CIPRES web portal version 1.15 (Miller et al. 2009) with 

bootstrap replicates of 1 000 (Stamatakis et al. 2008). Trees were viewed and finished in 

the program Dendroscope v2.3 (Huson et al. 2007). 
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4.2.3 Nuclear gene Myosin Heavy Chain 

Individuals from the two Phycomenes lineages were randomly chosen from sites which 

represented the range of those sampled within this study.  

 
Table 4.1. Number of individuals from the two Phycomenes lineages chosen from 
Queensland samples for phylogenetic analyses with Myosin heavy chain gene. 
Location Site Lineage 1 Lineage 2 
Torres Strait Saibai Island 1  
 Coconut Island 1 2 
Far North Queensland Weipa 1 3 
 Cairns 3  
 Townsville 2 4 
Central Queensland Bowen 2 4 
 Seaforth 1  
South east Queensland Baffle Creek 3  
 Poona 3  
 Inskip Point 1  
 Pumicestone Passage 3  
 Loders Creek 4  

 

 

4.2.3.1 Myosin heavy chain gene amplification conditions 

The nuclear myosin heavy chain (MyHC) gene codes for a contractile protein and is 

thought to exist as a low or single copy gene in the snapping shrimp Alpheus lottini 

(Williams et al. 2002). The distribution of a single nucleotide polymorphism in MyHC 

was able to support mitochondrial evidence of a cline between Indian and Pacific Ocean 

populations of A. lottini (Williams et al. 2002) and thus it was considered a suitable 

gene to test for differences between sister taxa of Phycomenes zostericola. The myosin 

heavy chain primers: MyHC1124 F 5’AAG CTC GAG TCT GAC ATC A3’ and 

MyHC1806 R 5’GCA CTT CCT CAG GTT CTT CT3’ (Williams et al. 2002) were 

used. Amplification conditions were similar to mitochondrial conditions. However, the 

thermo-cycling profile was adjusted to: 5 minutes at 94 ºC; 40 cycles of 30 seconds at 

94ºC, 30 seconds at 60 ºC and 30 seconds at 72 ºC; followed by an extension step of 5 

minutes at 72 ºC and a final hold at 4ºC. 

 

4.2.3.2 Myosin Heavy Chain alignment 

All sequences were aligned in Sequencher. To determine codon positions all 

Phycomenes sequences were aligned with other palaemonid shrimp and also with 
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specimens of known codon positions: the fruit fly Drosophila melanogaster (Genbank 

M61229 GI:157890) and a decapod crustacean Homarus gammarus (Genbank 

AF474969). Standard nuclear genetic code was applied to the Phycomenes sequences to 

determine the nature of any observed base changes.  

 

4.2.4 Other nuclear loci trialled 

Other loci trialled were: ribosomal RNA 28S, elongation factor α1, Internal transcribed 

spacer gene (ITS), Histone 3 (H3), ANT gene, and various anonymous loci (see 

Molecular methods, Chapter 3) were also trialled for variation between Phycomenes 

lineages.   

 

4.3 RESULTS 

 

4.3.1 Mitochondrial COI 

The Phycomenes zostericola lineage 1 (L1) was found at 19 of the 27 sites sampled 

during this study. Linage 2 (L2) was found in ten of the 19 sites where L1 occurred 

(Table 4.2, Fig. 4.1).  

 

Table 4.2. Regions in Queensland and total number of Phycomenes zostericola from 
each linage identified using the mitochondrial gene COI.  

 n n 
Sampled location P. zostericola L1 P. zostericola L2 

Weipa 13 11 
Torres Strait islands 69 34 
Cairns / Cooktown 22 0 
Townsville 14 9 
Bowen 15 4 
Dingo Beach / Seaforth 35 0 
South East Queensland 111 0 
TOTAL 279 58 
 

4.3.2 Nuclear myosin heavy chain 

A single nucleotide polymorphism was found at position 233 of the 610 base pairs 

amplified (Table 4.3, Fig. 4.1). The polymorphism occurred in the 1st codon position 

when aligned with Drosophila melanogaster and in the 2nd codon position when aligned 

with Homarus gammarus sequences, both downloaded from GenBank. No stop codons 
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were observed to make alignment within Phycomenes sequences. Alignment with other 

palaemonid shrimp species did not yield any useful information on codon positioning. 

 

4.3.3 Other nuclear loci 

The amplification of multiple anonymous and other nuclear loci failed to yield any 

variable sites within or between the two divergent lineages. Elongation factor α1 and the 

internal transcribed spacer gene (ITS) resulted in multiple bands and messy product. 

Further, ITS exists in multiple copies within individuals and so was deemed unsuitable 

for this study. 

 

Table 4.3. Base change between adenine (A) and a cytosine (C) at the parsimony 
informative site of the nuclear myosin heavy chain gene for 25 Phycomenes zostericola 
lineage 1 (L1) and 13 P. zostericola lineage 2 (L2) individuals from Queensland 
seagrass beds. 
  P. zostericola L1 P. zostericola L2 
Location Site A C A C 
Torres Strait islands Saibai Island  1   
 Coconut Island  1  2 
 Weipa  1  3 
Queensland Cairns 3    
 Townsville 2  4  
 Bowen 2  4  
 Seaforth 1    
 Baffle Creek 3    
 Poona 3    
 Inskip Point 1    
 Pumicestone Passage 3    
 Loders Creek 4    
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Figure 4.1. Map of Queensland and Torres Strait displaying all sampled regions where 
either or both Phycomenes lineages were present. A or C denotes where shrimp 
displayed either an adenine or cytosine at a polymorphic site within the myosin heavy 
chain gene.  
 

4.3.4 Mitochondrial COI likelihood results 

Using a maximum composite likelihood model, divergence between Phycomenes 

lineages was estimated at 5.6% (SE ± 1 %). Using a 1.4% divergence rate (Knowlton & 

Weigt 1998) the two Phycomenes lineages were calculated to have diverged in the mid 

Pliocene; 3.92 million years ago (SE ± 0.7 million years). A maximum likelihood tree 

(Fig. 4.2) shows 100% bootstrap support for the grouping of the two lineages. North–

south genetic structure is evident within lineages and is supported by a 96% bootstrap in 

Phycomenes zostericola lineage 1 and a 98% bootstrap in Phycomenes zostericola 

lineage 2.  
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Figure 4.2. Maximum likelihood tree used to infer the evolutionary history of two 
Phycomenes zostericola lineages. Scale bar shows percentage nucleotide divergence. 
Site codes from Torres Strait islands are as follows: CO, Coconut island, E, Erub island; 
U, Ugar island; SA, Saibai island; M, Moa island. Site codes from Queensland are as 
follows: W, Weipa; T, Townsville; BO, Bowen; P, Pumicestone passage; L, Loders 
Creek. Numbers indicate individuals and a small s after site code indicates Phycomenes 
lineage 2.  
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4.4 DISCUSSION 

 

The two Phycomenes lineages are morphologically indistinguishable from each other 

(A.J. Bruce, pers. comm.). In the descriptive paper on Phycomenes zostericola, Bruce 

(Bruce 2008) observed morphological variation between two ovigerous female 

specimens caught off Peel Island in Moreton Bay and concluded that either substantial 

variation occurs within species, or, a second taxon is involved. In this study, all 111 

specimens of Phycomenes sampled from south east Queensland belonged to the P. 

zostericola lineage 1; lending support to Bruce’s (2008) first suggestion of high within 

species morphological variation, at least in southeast Queensland. However, I cannot 

completely rule out the possibility that a lineage 2 exists but is rare in southeast 

Queensland, or that a third lineage exists within Moreton Bay and was not sampled 

during this study. 

 

4.4.1 Deep divergence between lineages 

The deep divergence between the two Phycomenes lineages (5.6 % ± 1) is estimated to 

have occurred during the Pliocene, approximately 3.2–4.6 million years ago. The depth 

of the mitochondrial divergence between the two Phycomenes lineages suggests 

speciation has occurred (Knowlton & Weigt 1998). However, results from nuclear loci 

failed to confirm that these two divergent lineages were reproductively isolated. 

Evidence of mitochondrial divergences in other species suggests that the level of 

divergence observed in Phycomenes is well within the range of that observed for sibling 

species. For example, reproductive isolation was documented from divergent lineages 

of the fresh-water shrimp Paratya australiensis (Cook et al. 2006) and marine snapping 

shrimp Alpheus armillatus (Mathews et al. 2002) which were less than 5% divergent in 

mitochondrial sequences. For insects, mitochondrial divergences of 2.2% and 6.3% 

were congruent with geographical range and morphological results of species 

delineation (Pons et al. 2006). Species divisions using COI divergence have been 

confirmed by nuclear data for the following animals: beetles (10% COI mtDNA 

divergence, Monaghan et al. 2005); gastropods (2% - 11% COI mtDNA divergence, 

Duda et al. 2008); and ophiuroid echinoderms (2-12% 16S mtDNA, Boissin et al. 

2008). Even remarkably small mitochondrial differences have been found between 

species, for example a single mitochondrial base pair difference (0.85% divergence) 
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delineates two species of Jalmenus butterflies, and was congruent with morphological, 

ecological, distribution and nuclear genetic data on the two butterfly species (Eastwood 

et al. 2008).  

 

4.4.2 Distribution of lineages 

Phycomenes zostericola occur in seagrass meadows (predominantly Zostera capricorni) 

from northern West Australia to New South Wales (Bruce 2008). Both Phycomenes 

lineages are sympatric in the north (from Weipa to Bowen); but only P. zostericola 

lineage 1 was caught in Cairns and south of Bowen. The current geographical 

distribution of the two lineages may have resulted from a number of situations: for 

example, lineage one may have a greater capacity for dispersal and colonisation, or 

lineage one is being better adapted to cooler southern waters; or, lineage one colonised 

the southern Queensland coastline in an earlier event and lineage two, arriving to the 

Australian coastline later has yet to experience environmental conditions suitable for a 

southern range expansion. To suggest an extrinsic cause for the current geographical 

distribution or for the cause of the divergence between Phycomenes lineages would be 

purely speculative; further, increasing evidence suggests that divergence and speciation 

in marine species occurs just as frequently in the absences of strong or permanent 

biogeographic boundaries as in the presence of them (Hellberg 1998, Barber et al. 2000, 

Mathews et al. 2002).  

 

P. zostericola lineage 2 were caught in lower numbers at all sites, which may suggest 

two things; either interspecific competition or, that the inshore sampling areas and/or 

capture process preferentially picked up P. zostericola lineage 1. Similarly, two 

sympatric sister species of the caridean shrimp genus Alpheus occupy the same habitat 

type, though patches were dominated by either one or the other sister taxa (Mathews et 

al. 2002). P. zostericola lineage 2 were caught in similar numbers to P. zostericola 

lineage 1 at the Weipa site, which was dominated by the broad leafed, Enhalus 

acoroides seagrass in much deeper water. Perhaps microhabitat conditions in these 

meadows are more suitable for P. zostericola lineage 2. Only further ecological research 

will determine whether microhabitat partitioning is occurring between the two lineages, 

and if this has lead to reproductive isolation.  
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The phylogeny inferred from the mitochondrial COI gene by maximum likelihood 

methods shows a north–south structure within each of the lineages suggesting prolonged 

isolation and little gene flow between the geographic areas. The nature and basis of 

intraspecific genetic structure is discussed in detail for P. zostericola lineage 1 and 2 in 

the following two chapters (Chapter 5 and 6). 

 

4.4.3 Evidence for selection in both lineages 

The myosin heavy chain (MyHC) gene is a protein coding gene responsible for the 

development and function of muscle fibres (Mogami et al. 1986). The distribution of 

allele frequencies for MyHC has previously been used to describe phylogeographic 

patterns within shrimp species (Williams et al. 2002). This study found the MyHC gene 

to be much less variable in Phycomenes species, with only a single nucleotide 

polymorphism observed. This single variable site did not occur between lineages as was 

expected, but was found in both. The two alternative alleles had non-random geographic 

distributions, with northern populations of both lineages being fixed for adenine and 

southern populations of both lineages, having a cytosine. The occurrence of the 

mutation in both species suggests that the mutation predates the divergence of the two 

Phycomenes lineages.  

 

The non-random geographic distribution could be explained by the following 

hypotheses: 1) the geographic pattern of allele distribution has been sampled by chance; 

2) the mutation in MyHC is non-synonymous and under positive selection for the 

fixation of one allele in the north and the other in the south for both Phycomenes 

lineages. Under hypothesis two we must assume there is a fitness advantage for each 

allele at their respective geographies. The geographic structuring of the two MyHC 

alleles may indicate selective advantages under different broad-scale habitat conditions, 

such as water temperature. Populations of fish (Vornanen 1994, Liang et al. 2007) and 

gammarid amphipods (Rock et al. 2009) display different MyHC isoforms under 

different environmental temperature conditions.  

 

The mitochondrial and nuclear datasets are not in agreement; mtDNA results define two 

sympatric lineages, each with a north–south structure; and the single nucleotide 

difference in nDNA defines only a north–south structure. The use of a multiple locus 

approach, employing independent and variable nuclear loci would have been ideal in 
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definitively assigning the two Phycomenes lineages as separate species. The three to 

four million years divergence time between lineages may not be long enough to develop 

variation among some highly conserved and slowly evolving nuclear genes. Due to the 

high levels of cryptic speciation observed in marine crustacean fauna and the significant 

level of mitochondrial divergence between lineages of Phycomenes, I will conclude that 

these are likely separate taxa. Hence, in the following chapter (Chapter 6) I will refer to 

lineage 1 as P. zostericola and lineage 2 as Phycomenes sp2.  
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Chapter 5  A PHYLOGEOGRAPHIC STUDY OF THE 

PONTONIINE SEAGRASS SHRIMP PHYCOMENES 

ZOSTERICOLA (DECAPODA: PALAEMONIDAE) 

 

This chapter published as: Haig, Connolly & Hughes (2010) Little shrimp left on the 
shelf: the roles that sea level change, ocean currents and continental shelf width play in 
the genetic connectivity of a seagrass-associated species. Journal of Biogeography 37: 
1570-1583 
 

5.1 INTRODUCTION 

In marine ecosystems, patterns of genetic connectivity between populations of inshore 

species are influenced on intermediate spatial scales (10–100 km) by their biology and 

life history (e.g. larval duration (Palumbi 2003) and over large spatial scales (> 1000 

km) by biogeographic boundaries and currents (Sotka et al. 2004). Planktotrophic 

larvae, persisting from weeks to months, have great opportunity for dispersal. If 

dispersal potential is realised, which is often the case (Doherty et al. 1995), little genetic 

structure exists between populations (Palumbi 1995).  

 

5.1.1 Ocean currents and connectivity 

Ocean currents either enhance connectivity, producing homogenising effects where 

flows are continuous, or they act as biogeographic boundaries, reducing connectivity 

where currents divide or are diverted. The largest ocean current close to Australian 

shores is the East Australian Current (EAC; Fig. 5.1). The EAC moves up to 30 million 

cubic metres of water per second, reaching speeds of 9 km hr-1 in summer (Church 

1987). The strongest flow exists between 25–30 ºS at the southern end of the Great 

Barrier Reef (GBR), gradually weakening as it makes its way southwards to Tasmania. 

The EAC is responsible for high levels of population connectivity (resulting in genetic 

panmixia) among populations of fish (Sumpton et al. 2008), portunid crabs (Gopurenko 

& Hughes 2002) and other invertebrates (Murray-Jones & Ayre 1997, Hoskin 2000) 

along the east coast of Australia. The EAC is the southern arm of the divergent southern 

equatorial current which flows westward from the Coral Sea and diverges at around 15 

ºS. The northern arm is known as the Hiri current and is much weaker, heading north 

past Torres Strait to Papua New Guinea (Fig.4.1). The divergence of the southern 
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equatorial current is thought to have maintained genetic divergence in otherwise highly 

connected populations of crabs (Gopurenko & Hughes 2002).  

 

Warm tropical waters are carried south by the EAC mix with cooler southern waters at 

the Tropic of Capricorn (lat. 23º 26′ 22″ S, Burrage et al. 1996). This mixing, or 

transition zone delimits the southern distribution of the GBR and also many reef-

associated tropical species; and also marks the most northerly extent of many temperate 

species (Hopley 1982). The biogeographic boundary surrounding 23º S is a divergence 

area for species of fish (Chenoweth et al. 2002), sponge (Wörheide et al. 2002) and 

mangrove (Duke et al. 1998). Several factors individually or together might have 

reduced connectivity between southern Queensland and northern Queensland: viz. 

currents, sea surface temperature transition, sea level history, shelf conditions, and the 

influence of Fraser Island on local oceanographic processes. 

 

 
Figure 5.1. Permanent and dominant currents along the east Australian coast and the 
Gulf of Carpentaria. Continental shelf outline for the Sahul Continent. Scale bar in 
kilometres and borders show latitude and longitude.  
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5.1.2 Sea level change and connectivity 

The growth and decay of ice sheets during the Pleistocene epoch (2.6 million to 10,000 

years bp) caused rapid and vast fluctuations in sea levels of up to 200 m (Galloway & 

Kemp 1981). In the southern hemisphere, low sea levels repeatedly exposed Sunda (SE 

Asia) and Sahul (Australia and New Guinea) shelves (Galloway & Kemp 1981, and see 

Fig. 1, Voris 2000), causing divergence in many marine populations, including prawns 

(Benzie et al. 2002), crabs (Lavery et al. 1996), shrimp and seastars (Crandall et al. 

2008). In northern Australia, the repeated closure of Torres Strait reportedly separated 

populations of fish (Chenoweth et al. 1998), crabs (Gopurenko & Hughes 2002) and 

sponges (Hooper & Ekins 2004) for long enough for significant genetic differences to 

have accumulated between northern and eastern populations. Along the east coast of 

Queensland, low sea levels completely exposed the continental shelf (Galloway & 

Kemp 1981), moving shallow water systems such as reef lagoons and river deltas 

(Hopley 1982) to the edge of the continental shelf. Broad offshore plateaus in the Coral 

Sea adjacent to Queensland provided potential refuge sites during periods of low sea 

level and sponges show evidence of this. Sponges re-colonised and experienced 

demographic expansion since the last glacial maximum and so are likely to have 

occupied offshore refugia in the Coral Sea during low sea level events (Wörheide et al. 

2002). 



 

69 
 

 
Figure 5.2. Map of Australia and Papua New Guinea showing latitude and longitude of 
sampling locations along the Queensland coast and Pleistocene mean sea level on the 
Australian continental shelf 11, 14 and 20 thousand years ago (during the last glacial 
maximum). Sea level outlines are redrawn from maps produced by G.L.O.S.S. (2009).  
 

5.1.3 Connectivity among populations of small shrimp 

Few studies explore broad-scale population patterns of small marine crustaceans, 

especially those of no direct commercial value. Small shrimp, especially carideans, are 

diverse in seagrass habitats (De Grave 1999) and represent a large contribution to higher 

trophic levels.  The abundance and palatability of small shrimp enhances the nursery 

function of seagrass habitats for juvenile fish (Heck et al. 2003) thus having a valuable 

indirect contribution to commercial catches. Small freshwater shrimp species have been 

used extensively in Australian phylogeographic studies to describe connectivity (e.g. 

Hughes et al. 1995, Hurwood & Hughes 2001) and have proved useful in broad spatial 

and temporal studies. Broad-scale connectivity studies on small marine shrimp have 

been undertaken in South Africa (Teske et al. 2007) and Krakatau indicating that 
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effective connectivity occurs over scales as far as 50-100 km (Barber et al. 2002a). 

However, little other phylogeographic research has been undertaken on shrimp in 

seagrass systems. 

 

Phycomenes zostericola (Decapoda, Palaemonidae) is a small (< 150mm), extremely 

abundant pontoniine shrimp inhabiting seagrass habitats in shallow (< 2 m) marine 

waters from northern Western Australia, Northern Territory, Queensland and New 

South Wales (Bruce 2008). Like many caridean shrimp, P. zostericola females brood 

their eggs until the first zoel stage, which undergoes several moults prior to a final 

metamorphosis into the sub-adult stage, approximately two weeks later. Larval 

movement / dispersal in P. zostericola has not been measured. Based on the larval 

duration and the high abundance of P. zostericola in seagrass, I hypothesised panmixia 

among most sites. However if structure was present, I predicted it would occur either 

side of Torres Strait, and possibly at latitudes 15 and 23 degrees South along the east 

Queensland coastline.  

 

5.2 METHODS 

 

5.2.1 Sampling strategy 

P. zostericola were sampled from 19 sites in Queensland and Torres Strait waters (Fig. 

5.3, Table 5.1). The sample area stretched approximately 2800 km. The smallest 

distance between sites was 18 km (Poona and Inskip Point) and the greatest distance 

between sites was 650 km (Torres Strait islands and Cooktown) (refer Fig. 5.2). Sample 

sites were representative of P. zostericola’s known range within Queensland. Previous 

work on fish, invertebrates and mangroves suggest biogeographic boundaries exist 

either side of Torres Strait (Gopurenko & Hughes 2002) and also at 15 ºS (Gopurenko 

& Hughes 2002) and 23 ºS (Duke et al. 1998, Chenoweth et al. 2002, Wörheide et al. 

2002); sample sites were chosen close to either side of these latitudes in order to test 

hypotheses on genetic breaks in P. zostericola around these areas. Sampled sites were 

less than 100 m from shore and less than 2 m deep during time of sampling. Shrimp 

were caught from within seagrass beds using hand-held dip nets and preserved in 70% 

ethanol. 
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Figure 5.3. Map of Australia (inset), Queensland and Torres Strait showing sampling sites and locations. Scale bars are in kilometres.  
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Table 5.1. Phycomenes zostericola sample location and sites within, latitude and longitude co-ordinates and sample month and year. Where 
possible the dominant seagrass taxa was observed. 
Location Site Date Dominant seagrass taxa Latitude Longitude 
Torres Strait Saibai Island Mar 08 Seagrass 09º 22’ 18.46’’S 142º 37’ 02.14’’ E 
 Moa Island Mar 08 Seagrass 10º 14’ 07.14’’S 142º 13’ 27.22’’ E 
 Thursday Island Mar 08 Seagrass 10º 35’ 10.04’’S 142º 13’ 18.03’’ E 
 Erub Island Mar 08 Seagrass 09º 36’ 38.88’’S 143º 46’ 25.10’’ E 
 Coconut Island Mar 08 Seagrass 10º 02’ 46.55’’S 143º 04’ 37.85’’ E 
 Yam Island Mar 08 Seagrass 09º 53’ 43.19’’S 142º 45’ 45.23’’ E 
 Ugar Island Mar 08 Seagrass 09º 30’ 31.39’’S 143º 33’ 05.41’’ E 
Weipa Weipa Harbour Nov 08 Enhalus acoroides 12º 40’ 32.44’’S 141º 52’ 44.73’’ E 
Cooktown Endeavour river Nov 07 Halodule uninervis& Cymodocea rotundata 15º 27’ 18.88’’S 145º 13’ 43.27’’ E 
Cairns Cairns harbour Nov 07 Zostera capricorni 16º 54’ 00.77’’S 142º 45’ 27.20’’ E 
Townsville Bushland Beach Nov 08 Zostera sp. 19º 11’ 18.25’’S 146º 40’ 56.97’’ E 
Bowen Dingo Beach Mar 07 Halophila sp. 20º 05’ 17.29’’S 148º 25’ 51.79’’ E 
 Bowen harbour Nov 08 Zostera capricorni 20º 01’ 05.09’’S 148º 15’ 00.21’’ E 
Mackay Findlaysons point, Seaforth Nov 07 Zostera sp. caught in shallow pools 20º 52’ 04.90’’S 148º 56’ 59.13’’ E 
Bundaberg Baffle Creek Jan 08 Zostera capricorni 24º 31’ 24.05’’S 152º 02’ 57.48’’ E 
Great Sandy Straits Poona Jan 08 Zostera capricorni 25º 42’ 46.26’’S 152º 55’ 28.04’’ E 
 Inskip point Jan 08 Zostera capricorni 25º 49’ 08.14’’S 153º 03’ 47.47’’ E 
Moreton Bay Pumicestone Passage Oct 07 Zostera & Halophila sp. 27º 04’ 10.28’’S 153º 08’ 15.78’’ E 
 Loders Creek Oct 07 Zostera capricorni 27º 57’ 13.11’’S 153º 24’ 38.92’’ E 
* Sargassum was the only algal taxa from which shrimp were sampled from for this study
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5.2.2 DNA extraction and PCR and sequencing 

As per Chapter 2: General molecular methods 

 

5.2.3 Statistical analyses 

Sequence alignment, pairwise ΦST calculations, Mantel test, haplotype nesting and 

NCPA, Tajima’s D and Fu’s FS and coalescent analysis were all used in this chapter, 

and are all outlined in the general methods chapter with the following specifications. 

False discovery rate (FDR) correction on pairwise FST for this data set was based on an 

alpha value of 0.05 and a probability value ≤ 0.00874. In analyses of molecular 

variance, populations were grouped to test the for significant partitioning of among 

group genetic variation (ФCT) based on the following hypotheses: (1) a land bridge 

forming between Australia and Papua New Guinea creating variation between Torres 

Strait island and Queensland populations; (2) the divergence of currents at 15 ºS and (3) 

biogeographic boundaries at 23 ºS. The geographical structure was also investigated 

using a simulated annealing approach in SAMOVA (spatial analysis of molecular 

variance, Dupanloup et al. 2002), which was used to partition populations that are 

geographically similar and maximally differentiated (thus providing the highest ФCT 

values). SAMOVA was run for 10 000 iterations for K = 2 to 10 using 100 initial 

conditions. Neutrality tests: Fu’s FS and Tajima’s D were tested on nesting level four of 

the haplotype network. The hypothesis that the populations experienced isolation and 

vicariance due to the last glacial maximum was tested using Coalescent analysis in the 

program IM (Hey & Nielsen 2004) 
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5.3 RESULTS 

Sequencing usually resulted in good quality sequences which were easy to align. A 

number of sequences did not sequence well at the 5’ end and so all analyses were done 

on the shorter sequence. A total 279 individual specimens of Phycomenes zostericola 

from 19 populations was analysed for a 590 bp segment of the mitochondrial gene COI.  

 

5.3.1 Population analyses  

Populations displayed high levels of diversity both within and between populations, 

with significant support for regional structuring. There were 125 distinct haplotypes and 

103 segregating sites. Haplotype variability within populations ranged from 0 to 0.98 

(Table 5.2) and had an overall haplotype diversity of 0.96. During population range 

expansion, the expanding “front” or newer populations would be expected to have lower 

genetic diversity when compared to ancestral populations (Hewitt 1996); no relationship 

was found between nucleotide diversity and geographic location. In 171 pairwise 

population comparisons, 111 ФST and 105 FST comparative values were significant 

(Table 5.2). After false detection rate (FDR) correction 81 of the 171 pairwise FST 

comparisons were found significant; this did not change any overall patterns of genetic 

differentiation observed prior to the correction. Mantels test detected a positive 

correlation between genetic (Slatkin’s linearised ФST values) and geographic distance  

(r = 0.29; P ≤ 0.001).  
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Table 5.2. Pairwise FST (upper matrix) and ФST (lower matrix) estimates calculated in Arlequin (Excoffier et al. 2005) for Phycomenes 
zostericola populations from Queensland coastal seagrass habitats. n, number of individuals; nh, number of haplotypes; h, haplotype 
diversity, π, nucleotide diversity; bold type = probability ≤ 0.05; probability values under false discovery rate (FDR) correction (Narum 
2006) were ≤ 0.008 and are indicated with an asterisks. 
 
 
 

 
 

 

n nh h ? SA M MA E CO Y U W CT C T BO D S B  PO I P L 
SA Saibai Island 15 9 0.876 0.007 -0.004 0.124 0.124 0.017 -0.031 -0.018 0.172 0.305 0.605 0.141 0.120 0.090 0.085 0.077 0.086 0.082 0.070 0.073 
M Moa Island 13 9 0.936 0.01 0.040 0.064 0.064 -0.001 0.030 -0.001 0.116 0.219 0.564 0.090 0.071 0.035 0.068 0.048 0.060 0.053 0.041 0.044 

MA Mabuig Island 1 1 0 0 0.525 0.278 1.000 0.058 0.167 0.044 0.231 1.000 1.000 0.176 0.124 0.048 0.071 0.033 0.057 0.043 0.020 0.025 
E Erub Island 1 1 0 0 0.436 0.341 1.000 0.058 0.167 0.044 0.231 1.000 1.000 0.176 0.124 0.048 0.071 0.033 0.057 0.043 0.020 0.025 

CO Coconut Island 16 12 0.942 0.01 -0.010 -0.021 0.356 0.347 0.057 0.002 0.142 0.260 0.563 0.116 0.091 0.054 0.065 0.045 0.057 0.050 0.039 0.041 
Y Yam Island 9 6 0.833 0.008 -0.062 0.011 0.506 0.396 -0.022 -0.018 0.180 0.353 0.712 0.165 0.137 0.110 0.099 0.077 0.085 0.089 0.081 0.084 
U Ugar Island 14 11 0.956 0.009 -0.042 0.040 0.446 0.368 -0.007 -0.060 0.122 0.254 0.578 0.105 0.080 0.046 0.049 0.027 0.037 0.037 0.028 0.031 
W Weipa 13 6 0.769 0.008 0.307* 0.120* 0.263 0.420 0.217* 0.272* 0.290* -0.031 0.356 -0.029 0.003 0.003 0.103 0.093 0.093 0.112 0.110 0.113 
CT Cooktown 2 1 0 0 0.563* 0.385 1.000 1.000 0.453 0.550* 0.502* 0.127 0.000 -0.041 0.031 0.051 0.259 0.241 0.251 0.244 0.228 0.231 
C Cairns 20 1 0 0 0.773* 0.679* 1.000 1.000 0.697* 0.818* 0.744* 0.492* 0.000 0.335 0.388 0.554 0.493 0.532 0.499 0.515 0.491 0.488 
T Townsville 14 8 0.824 0.009 0.294* 0.147* 0.119 0.391 0.219* 0.272* 0.273* -0.001 0.005 0.376* -0.015 -0.007 0.085 0.092 0.095 0.100 0.091 0.094 

BO Bowen 15 9 0.876 0.01 0.202* 0.074* 0.151 0.342 0.133 0.185* 0.186* 0.020 0.122 0.465* -0.035 -0.007 0.061 0.067 0.074 0.067 0.067 0.070 
D Dingo Beach 7 6 0.952 0.011 0.232 0.061 -0.122 0.281 0.135 0.194 0.207 -0.035 0.125 0.609* -0.031 -0.028 0.036 0.039 0.053 0.045 0.032 0.035 
S  Seaforth 28 16 0.929 0.008 0.213* 0.070* 0.190 0.459 0.124* 0.192* 0.207 0.095* 0.385* 0.588* 0.114* 0.072* -0.015 0.029 0.029 0.041 0.040 0.043 
B  Baffle Creek 18 14 0.967 0.01 0.386* 0.287* 0.369 0.463 0.320* 0.361* 0.366 0.281* 0.394 0.643* 0.284* 0.256* 0.218 0.288 -0.002 -0.005 0.000 0.008 
PO Poona 25 17 0.943 0.0098 0.391* 0.292* 0.300 0.459 0.326* 0.367* 0.373 0.269* 0.367* 0.586* 0.265* 0.245* 0.203 0.266 -0.008 0.008 0.011 0.010 

I Inskip Point 21 15 0.957 0.009 0.391* 0.296* 0.334 0.471 0.325* 0.371* 0.371 0.273* 0.366 0.605* 0.258* 0.238* 0.204 0.277* -0.016 -0.024 -0.004 0.006 
P Pumicestone Passage 23 19 0.98 0.008 0.479* 0.413* 0.443 0.566 0.428* 0.472* 0.460 0.398* 0.446* 0.652* 0.357* 0.340* 0.326 0.397* 0.042 0.051 0.022 -0.010 
L Loders Creek 24 18 0.975 0.01 0.426* 0.358* 0.348 0.505 0.376* 0.415* 0.408* 0.354* 0.389 0.606* 0.310* 0.293* 0.269 0.351* 0.054 0.050 0.021 -0.014 

   Location code & Location 
Torres Strait islands  Far north Queensland Central Queensland Southeast Queensland 
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The observed regional structure coincided with hypothesised biogeographic boundaries. 

AMOVA found a significant proportion of the genetic variance among populations 

regardless of hierarchy (ФST = 0.3, P ≤ 0.001), with most variation either side of 23 ºS 

(ФCT = 0.26, P ≤ 0.001). A smaller, though significant level of variation was divided 

either side of 15 ºS (ФCT = 0.13, P ≤ 0.01) and also between Torres Strait and 

Queensland (ФCT = 0.21, P ≤ 0.001) (Table 5.3).  

 

Table 5.3. Analysis of molecular variance (AMOVA) results calculated in Arlequin 3.1 
(Excoffier et al. 2005) for mtDNA COI using haplotype frequency differences between 
groups of Phycomenes zostericola populations. Groupings 1–3 represent potential 
barriers to dispersal along the Queensland coast line; grouping 4 tests for regional 
structure into four areas: Torres Strait Islands (TS), north, central and southeast 
Queensland (QLD). All P values are significant at ≤ 0.001 except ФCT in row 2 (P ≤ 
0.01). 

AMOVA    Percentage variation 
Hypothesised genetic 

splits 
ФCT ФSC ФST Among 

group 
Among 

pop 
within 
group 

Within 
Pop 

1. TS / QLD 0.21 0.23 0.39 21.01 17.97 61.02 
2. 15ºS Nth / Sth 0.13 0.25 0.35  12.70 21.89 65.42 
3. 23ºS Nth / Sth 0.26 0.18 0.39 26.07 12.95 60.99 
4. Regional structure 0.31 0.06  0.35  31.43 3.79 64.78 
 
 
SAMOVA values of ФCT increased from group partitioning of K = 2 to 4 (Table 5.4) 

and then remained the same from K = 5 to 9 (ФCT = 0.35, P ≤ 0.001) and decreased 

again at K = 10 (ФCT = 0.34, P ≤ 0.001). Multiple genetic barriers were observed at all 

groupings, but the barrier at latitude 23º South (between southeast Queensland (SEQ) 

and all other populations) was significant in all partitions greater than two (Fig.5.4).  
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Table 5.4. Spatial analysis of molecular variance (SAMOVA) on populations of 
Phycomenes zostericola for K = 2 to 10. P value set at ≤ 0.001; % variation in parentheses.  

 ФCT ФSC ФST 
K Population Groups Among 

group 
Among pop 
within group 

Within 
Pop 

2 1 Cooktown, Cairns 
2 TS, Weipa, Townsville, Central and SE Queensland 

0.28 
(28.38) 

0.26 
(18.52) 

0.47 
(53.10) 

3 1 Cooktown, Cairns 
2 TS, Weipa, Townsville, Bowen, Dingo beach, Seaforth 
3 Baffle ck, Poona, Inskip, Pumicestone Pass., Loders ck 

0.33 
(33.04) 

0.09 
(6.30) 

0.39 
(60.66) 

4 1 Cooktown, Cairns 
2 Saibai Is., Moa Is., Erub Is., Coconut Is., Yam Is., Ugar Is. 
3 Mabuig Is., Weipa, Townsville, Bowen, Dingo beach, Seaforth  
4 Baffle ck, Poona, Inskip, Pumicestone Pass., Loders ck 

0.34 
(34.40) 

0.03 
(1.80) 

0.36 
(63.79) 

5 1 Cooktown, Cairns  
2 Saibai Is., Moa Is., Coconut Is., Yam Is., Ugar Is. 
3 Erub Is. 
4 Mabuig Is., Weipa, Townsville, Bowen, Dingo beach, Seaforth 
5 Baffle ck, Poona, Inskip, Pumicestone Pass., Loders ck 

0.35 
(34.82) 

0.02 
(1.41) 

0.36 
(63.76) 

6 1 Cooktown, Cairns 
2 Saibai Is., Moa Is., Coconut Is., Yam Is., Ugar Is. 
3 Mabuig Is. 
4 Erub Is. 
5 Weipa, Townsville, Bowen, Dingo beach, Seaforth 
6 Baffle ck, Poona, Inskip, Pumicestone Pass., Loders ck 

0.35 
(34.91) 

0.02 
(1.29) 

0.36 
(63.80) 

7 1 Cooktown, Cairns 
2 Saibai Is., Moa Is., Coconut Is., Yam Is., Ugar Is. 
3 Mabuig Is. 
4 Erub Is. 
5 Weipa, Townsville, Dingo Beach, Bowen 
6 Seaforth 
7 Baffle ck, Poona, Inskip, Pumicestone Pass., Loders ck 

0.35 
(34.98) 

0.004 
(0.31) 

0.35 
(64.71) 

8 1 Cooktown, Cairns 
2 Saibai Is., Coconut Is., Yam Is., Ugar Is. 
3 Mabuig Is. 
4 Erub Is. 
5 Moa Is. 
6 Weipa, Townsville, Dingo beach, Bowen 
7 Seaforth 
8 Baffle ck, Poona, Inskip, Pumicestone Pass., Loders ck 

0.35 
(34.74) 

0.001 
(0.04) 

0.35 
(65.21) 

9 1 Cooktown, Cairns 
2 Saibai Is., Coconut Is., Yam Is., Ugar Is. 
3 Mabuig Is. 
4 Erub Is. 
5 Moa Is. 
6 Weipa 
7 Townsville, Bowen 
8 Seaforth, Dingo beach 
9 Baffle ck, Poona, Inskip, Pumicestone Pass., Loders ck 

0.35 
(34.53) 

-0.001 
(-0.09) 

0.34 
(65.56) 

10 1 Cooktown, Cairns 
2 Saibai Is., Coconut Is., Yam Is., Ugar Is. 
3 Mabuig Is. 
4 Erub Is. 
5 Moa Is. 
6 Weipa 
7 Townsville, Bowen 
8 Dingo beach 
9 Seaforth 
10 Baffle ck, Poona, Inskip, Pumicestone Pass., Loders ck 

0.34 
(34.33) 

-0.00 
(-0.04) 

0.34 
(65.71) 
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Figure 5.4. Results of spatial analysis of molecular variance (SAMOVA) of 
Phycomenes zostericola populations from Queensland seagrass habitats. Lines indicate 
genetic breaks resulting from SAMOVA groupings of K = 2, 3 and 4. Probability values 
for ФCT and ФSC ≤ 0.001. Where K = 4, Mabuiag Island falls in with W, T, Bo, D and S. 
TS, Torres Strait; W, Weipa; CT, Cooktown; C, Cairns; T, Townsville; Bo, Bowen; D, 
Dingo Beach; S, Seaforth; B, Baffle Creek; GSS, Great Sandy Strait (location for sites 
Poona and Inskip Point, west of Fraser island); MB, Moreton Bay (location for sites 
Pumicestone Passage and Loders Creek). Side scale shows approximate latitude.  
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5.3.2 Nested Clade Phylogeographic Analysis 

There were 125 haplotypes, which were nested into 75 one–step clades, 25 two–step 

clades, 11 three–step clades, 5 four–step clades, 2 five–step clades and 1 six–step clade 

(Fig. 5.5). Six of the eight nested clades were significant, the remaining two clades (1–2 

and 1–50) had inconclusive outcomes using the inference key (Table 5.5). Significant 

clades (2–7, 2–24, 4–5 and 5–1) all gave inferences of restricted gene flow with 

isolation by distance. The inference key suggested that clade 2–17, consisting 

predominantly of Torres Strait and Central Queensland haplotypes, had inadequate 

sampling to discriminate between isolation by distance with short distance movements 

or long distance dispersal. Clade 4–2, consisting of haplotypes from all Queensland 

locations, required further investigation using mismatch distributions to distinguish 

between long distance dispersal or gradual short distance movements during range 

expansion followed by fragmentation / extinction in intermediate areas. 
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Figure 5.5. Nested parsimony network for 125 Queensland Phycomenes zostericola 
haplotypes, computed by TCS using 590 base pairs of the COI gene with 95% 
confidence interval. Circle size indicates the number of individuals sharing a haplotype; 
colour indicates sample location. Connecting bars indicate one base pair mutation and 
black circles indicate additional base pair mutations. Nesting levels are boxed into clade 
levels one (broken lines) to five.   
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Table 5.5. Nested clade phylogeographic analysis haplotypes of Phycomenes zostericola 
from Queensland seagrass habitats, with a significant Chi-square statistic. Significant 
values for Dc (clade distance); Dn (nested clade distance) and I-T (interior vs tip) are 
denoted by S (significantly small) or L (significantly large). Inference key results 
anagrams are as follows: RGF, restricted gene flow; IBD, isolation by distance; SDM, 
short-distance movements; LDD, long-distance dispersal. 
 
Clade χ2 (P)  Clade Position Dc Dn Chain of inference 
2–7 34.65 1–15 Interior  47  899L RGF with IBD 
 (0.005) 1–16 Tip  551  555 1–2a–3–4 
  1–19 Tip  56S  373S  
   I-T -54  509L  
       
2–17 27.96 1–34 Tip  51  1006 Either IBD with SDM or LDD 
 (0.003) 1–35 Interior  704  791 1–2–3–5–6–7–8 
   I-T  652L -216  
       
2–24 51.61 1–62 Interior  0  543 RGF with IBD 
 (0.054) 1–63 Tip  0  543 1–2–3–4 
  1–64 Tip  0  420  
  1–67 Tip  270S  270  
   I-T -257L  263  
       
4–2 42.31 3–3 Tip  738  765L Either LDD or gradual SDM 

during past range expansion 
and fragmentation 

 (0.029) 3–4 Interior  518S  589S 1–2–3–5–6–13–21–mismatch 
distributions 

  3–5 Tip  589  680 (also see Clade 2–17) 
   I-T -172 -148S  
       
4–5 35.26 3–9 Interior  631L  700L RGF with IBD 
 (0.000) 3–11 Tip  285S  298S 1–2–3–4 
   I-T  346L  402L  
       
5–1 46.61 4–1 Tip  62S  566S RGF with IBD 
 (0.000) 4–2 Interior  702  733L 1–2–3–4 
   I-T  639L  166L  
 

5.3.3 Neutrality tests and mismatch distributions 

Tajima’s D compares two estimates of diversity which should be the same under 

neutrality whilst Fu’s FS compares the observed number of haplotypes to that expected 

under neutrality; negative values in both analyses result from an excess of substitutions 

relative to expectations for a constant-sized population and may be interpreted as 

evidence for recent population expansion. Tests of neutrality for Tajima’s D were 

significantly negative for nested clade levels 4–1 (-2.29 P ≤ 0.003), 4–2 (-1.79 P ≤ 
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0.009), 4–4 (-2.15 P ≤ 0.002) and 4–5 (-1.45 P ≤ 0.047). Fu’s FS neutrality tests were 

significantly negative for 4–1 (-10.29 P ≤ 0.001), 4–2 (-25.79 P ≤ 0.001), 4–4 (-26.16 P 

≤ 0.001) though not significant for 4–5 (-2.11 P ≤ 0.175) (Table 5.6). Nested clade level 

4–3 was negative yet not significant for Tajima’s D (-0.37 P ≤ 0.34) and Fu’s FS (-1.15 

P ≤ 0.189). The parameters of the mismatch distribution for nested clade levels 4–1, 4–2 

4–4 and 4–5 could not reject a sudden population expansion model (Fig. 5.6). 

Population expansions estimated using tau values all date well within the Pleistocene 

epoch: ~450 000 for nested clade levels 4–1 and 4–4 and to ~820 000 years ago for 

nested clade level 4–2 (Table 5.6). Clade level 4–5 was only just significantly negative 

for Tajima’s D (P = 0.047) and non-significant for Fu’s FS (P = 0.175). I propose that 

this probably does not result from a population expansion as Fu’s FS is more sensitive to 

population expansions than Tajima’s D (Fu 1997). 

 

Table 5.6. Results of neutrality tests, Tajima’s D and Fu’s FS and parameters of the 
mismatch distribution for four-step clades from a nested clade phylogeographic analysis 
(NCPA) of Phycomenes zostericola populations from Queensland. Mismatch 
parameters are: time as scaled by mutation (tau) and time (τ) calculated using 1.4% 
mutation rate. Harpending’s raggedness index (Hri) was also applied to mismatch data. 
Probability values (P) or upper and lower bounds of the 95% confidence intervals are in 
parentheses.  
 

NCPA 
clade 

Tajima’s D  
(P) 

Fu’s FS 
(P) 

Tau 
(range) 

τ 
(range) 

Hri 
(P) 

4–1 –2.29 (0.00) –10.29 
(0.00) 

3.70 
( 0.33 – 7.90) 

447 800 
(39 500 – 954 800) 

0.04 
(0.76) 

4–2 –1.79 (0.01) –25.79 
(0.00) 

6.81  
(1.08 – 11.78) 

824 300 
(130 800 – 1 425 800) 

0.01 
(0.86) 

4–3 –0.37 
(0.34) 

–1.15 
(0.19) 

No expansion No expansion 0.07 
(0.88) 

4–4 –2.15 
(0.00) 

–26.16 
(0.00) 

3.78 
(1.96 – 4.86) 

457 022 
(237 700 – 587 800) 

0.02 
(0.60) 

4–5 –1.45 
(0.05) 

–2.11 
(0.18) 

No expansion No expansion 0.35 
(0.94) 
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Figure 5.6. Mismatch distributions of five Phycomenes zostericola COI clades from 
nesting level four of the nested clade phylogeographic analysis. Observed pairwise 
differences are plotted with the simulated distribution expected under a constant size 
population and an expanding population.  
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5.3.4 Coalescent analysis  

The time to most recent common ancestor for all pairs of adjacent locations occurred 

within the last 2 million years. Reasonable population divergence time was estimated 

for most populations (Table 5.7, Fig. 5.7). However, effective population size and 

migration rate estimates had very wide posterior densities, which is probably due, in 

part, to small sample sizes and the use of a single genetic locus. Regardless, the 

majority of locations were found to have extremely low levels of migration between 

adjacent populations (Table 5.7). The timing of most population divergences occurred 

well within the Pleistocene epoch (Fig. 5.8). The peak estimates of the posterior density 

distribution for neighbouring locations were: Weipa vs Torres Strait (329 ka); 

Townsville vs Bowen/Dingo (90 ka); Bowen/Dingo vs Seaforth (198 ka); Seaforth vs 

southeast Queensland (200 ka) (Table 8). Calculations estimated effective population 

size to be between millions to hundreds of millions and ancestral effective population 

size ranged in the 10’s to 100’s of thousands (Table 5.7).   
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Table 5.7. Estimated demographic parameters (and 90% posterior probability distribution) for pairs of adjacent Phycomenes zostericola 
populations using the program IM (Hey & Nielsen 2004). Ne1,2andANCESTRAL, effective population size in thousands of individuals for 
population one, two and ancestral population; t, time since population splitting in thousands of years; TMRCA, time of most recent 
common ancestor in thousands of years; M1, movement of genes from population one to population two; and M2, movement of genes from 
population two to population both per year (in scientific notation); TS, Torres Strait island populations; GSS, Great Sandy Strait (Poona 
and Inskip point populations); Moreton Bay (Pumicestone Passage and Loders Creek populations). Ka, thousand years ago.  
 
 Ne1 Ne2 NeANCESTRAL t TMRCA Gene flow rate / gene copy / year 
 (x 1000) (x 1000) (x 1000) ka  Years M1 M2 
1 Weipa 
2 TS 

117 
(16–530) 

113 427 
(59 373–389 226) 

1 064 
(212–425 403) 

329 
(199–1 937) 

1 031 000 1.70-5 
(5.18-6–4.05-5) 

8.97-6 
(5.53-6–1.44-5) 

1 TS 
2 Cooktown / Cairns 

96 556 
(45 333–114 278) 

1 
(1–27) 

1 127 
(253–2 637) 

282  
(151–3 631) 

1 093 000 5.40-6 
(3.42-6–7.84-6) 

4.02-5 
(1.64-5–4.13-5) 

1 Cooktown / Cairns 
2 Townsville 

2 
(2-59) 

6 996 
(2 595–65 656) 

1 675 
(33–65 656) 

1 701 
(1 157–12 101) 

879 000 2.67-5 
(2.27-6–7.34-5) 

8.77-6 
(4.90-6–1.24-5) 

1 Townsville 
2 Bowen / Dingo bch 

667 
(138–21 114) 

1 175 
(328–21 156) 

582 
(11–21 156) 

90 
(8–4 841) 

1 071 000 8.43-7 
(1.65-8–3.30-5) 

2.65-5 
(7.78-6–3.30-5) 

1 Bowen / Dingo bch 
2 Seaforth 

931 
(149–7 547) 

45 650 
(1 907–45 925) 

1 183 
(12–22 917) 

198 
(65–2 421) 

956 000 3.50-6 
(1.03-8–1.84-5) 

1.44-5 
(3.10-8–2.06-5) 

1 Seaforth 
2 Baffle ck / GSS 

3 341 
(1 025–8 505) 

4 758 
(2 629–41 095) 

1 231 
(33–62 791) 

198 
(103–1 643) 

1 039 000 1.24-8 
(4.13-9–2.74-6) 

3.02-7 
(4.13-9–1.43-6) 

1 Baffle ck / GSS 
2 Moreton Bay 

19 894 
(6 142–149 893) 

35 938 
(11 881–293 221) 

1 742 
(825–3 575) 

132 
(97–180) 

1 181 000 8.16-7 
(1.03-8–1.95-5) 

3.10-8 
(1.03-8–2.06-5) 
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Figure 5.7. Results from coalescent analysis: posterior distributions for time of 
coalescence for eight neighbouring populations of Phycomenes zostericola using IM 
(Hey & Nielsen 2004). 
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Figure 5.8. Estimated coalescent time between pairs of populations of Phycomenes 
zostericola (below) and their relation to Pleistocene glacial maxima inferred from 57 
globally distributed δ18O records (above, Lisiecki & Raymo 2005). Closed circles 
indicate the peak of the posterior density distribution for the time of splitting parameter 
t calculated in IM and calculated using μ = 1.4 × 10–8 (Knowlton & Weigt 1998); also 
displaying 90% highest (and lowest) posterior densities illustrated by error bars (or 
arrows if distribution was greater than 1,500 years ago). TS (Torres Strait islands); SE 
Queensland, Baffle Creek, Poona, Inskip Point, Pumicestone Passage and Loders Creek. 
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5.4 DISCUSSION 

 

From the high abundance of adults of Phycomenes zostericola, their great potential for 

movement between habitats and their long planktonic larval life (Chapter 2), I expected 

to find high gene flow resulting in low levels of genetic structure. Contrary to my 

original hypotheses, P. zostericola displayed both high within and among population 

diversity with a significant isolation-by-distance effect, shown by a Mantel test. A 

distinct regional structuring was observed in the haplotype network, which was also 

supported by AMOVA and SAMOVA. The high level of genetic structure suggests that 

connectivity between adjacent populations of P. zostericola may be limited to scales of 

100s of kilometres rather than the hypothesized 1000s of kilometres.  

 

Assuming a sequence divergence rate of 1.4% Myr-1 (Knowlton & Weigt 1998) is 

reasonable for P. zostericola, I can estimate that the structure observed in the haplotype 

network is a product of persistent influences over hundreds of thousands of years. The 

use of molecular clocks is not without controversy (Ho et al. 2005, Emerson 2007) and 

molecular rates have been shown to vary between taxonomic groups (Britten 1986). The 

1.4% divergence Myr-1 has been calibrated against multiple caridean sister taxa, 

separated by the closure of the Isthmus of Panama (Knowlton & Weigt 1998, Morrison 

et al. 2004) and was considered the most suitable to apply to P. zostericola. Other 

studies have reported sequence divergence rates of 1.25% Myr-1 for isopods (Ketmaier 

et al. 2003); 5.16% Myr-1 for freshwater shrimp (Page et al. 2008); 1.66% Myr-1 for 

terrestrial crabs (Schubart et al. 1998) and even 20% Myr-1 for a species of cave shrimp 

(Craft et al. 2008).  

 

The continual and strong connective influence of the EAC appears to have had little 

effect on the contemporary connectivity between regions for Phycomenes zostericola. 

Similarly, the stomatopod shrimp Haptosquilla pulchella has a 4–6 week larval duration 

and lives adjacent to strong ocean currents through Indonesia yet shows considerable 

genetic structure between localities as little as 300 km apart (Barber et al. 2000). Like 

some other caridean species (Bauer 2004), larval migration behaviours and limited 

movement by adults of P. zostericola may be responsible for their observed genetic 

structure.  
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Currents can enhance or inhibit connectivity among populations. Populations adjacent 

to strong currents may have increased connectivity, whereas populations either side of a 

divergent current may experience reduced connectivity for long enough for genetic 

divergence to occur (Murray-Jones & Ayre 1997). The divergence of the southern 

equatorial current into the northern Hiri Current and the southern EAC probably 

influenced the genetic structure of portunid crabs (Gopurenko & Hughes 2002). For 

Phycomenes zostericola, however, evidence that the divergent current has structured 

populations at 15 ºS is unconvincing. Isolation-by-distance effects and low genetic 

diversity in Cooktown and Cairns populations undoubtedly have a stronger influence on 

the structure between northern populations of P. zostericola, though only further 

sampling between Cooktown and Torres Strait will resolve this definitively.  

 

A recognized species “transition zone” exists around 23 ºS, where tropical and 

temperate waters mix and mark the southern boundary of the GBR. The Queensland 

continental shelf deepens and widens from north to south, having a maximum width of 

290 km at ~22 ºS (Hopley 1982). At 24 ºS the northern spit of Fraser Island juts out 

from near the mainland to only 21 km from the shelf edge, greatly influencing coral reef 

growth in this area (Hopley 1982) and altering southern flows of the EAC (Burrage et 

al. 1996). Phycomenes zostericola populations south of 23 ºS are similar to each other 

and distinctly different from populations north of 23 ºS. Similarly, the seagrass-

associated pipefish Urocampus carinirostris is distributed between 8 ºS to 45 ºS and 

displays a large genetic break (9% mitochondrial cytochrome b sequence divergence) at 

approximately 23 ºS (Chenoweth et al. 2002). Widely distributed populations of the sea 

sponge Leucetta chagosensis (Wörheide et al. 2002) and mangrove Avicennia species 

(Duke et al. 1998) also show similar genetic distinctions between south-east and north 

Queensland. South-east Queensland populations of P. zostericola coalesce with 

Seaforth populations approximately 200 ka, well within the turbulent Pleistocene epoch. 

The observed patterns of vicariance between inshore marine populations at 23 ºS could 

be due to a complex of influences, predominantly local current conditions, sea-level 

changes on a broad and deep continental shelf and a transition between warm northern 

and cooler southern waters.  

 

The rapid and vastly fluctuating sea-levels during the Pleistocene epoch (Lisiecki & 

Raymo 2005, Fig. 3) have influenced the genetic structure of many inshore marine 

species (Palumbi 1997). The repeated closure of the Torres Strait throughout the 



 

90 
 

Pleistocene is thought to have shaped the divergent genetic structures of mud crab 

(Gopurenko & Hughes 2002), prawn (Benzie et al. 1992), starfish (Williams & Benzie 

1997), finfish (Chenoweth et al. 1998) and mangrove (Duke et al. 1998) species. 

Similarly, Phycomenes zostericola populations in the Torres Strait share only a few 

haplotypes with mainland Queensland locations. Torres Strait Islands were completely 

exposed during the LGM so must have been recolonized within the last 6000–8000 

years (Galloway & Kemp 1981). Torres Strait island populations coalesced with 

Queensland populations more than 300 ka, suggesting that the persistent low sea-levels 

since that time were the likely cause of the vicariance between these two regions. The 

small amount of haplotype sharing between Torres Strait Islands and mainland 

Queensland may be explained by concurrent re-colonization from eastern refugia in the 

Coral Sea which were distributed both north and south by the divergent southern 

equatorial current upon entry into Queensland waters.  

 

Queensland offshore plateaus in the Coral Sea are thought of as sources for re-

colonization of GBR populations after periods of low sea-level (Hopley 1982, Davies 

1994). Scarcity of inshore marine habitats during sea-level fluctuations explains much 

of the fragmentation, isolation-by-distance and population bottleneck/colonization 

events observed in the nested clade analysis of Phycomenes zostericola. The lack of 

genetic diversity in Cairns and Cooktown populations reflect the extreme influences 

fluctuating sea-levels have had in northern Queensland. Low sea-level periods saw 

northern shallow and narrow shelf areas exposed for much longer than shelf zones 

further south (Hopley 1982). Using a COI sequence divergence rate of 1.4% Myr-1 

Cairns populations of P. zostericola underwent a major bottleneck or a re-colonization 

event anytime prior to 250 ka, though it is likely to have occurred more recently, during 

the LGM (see point 2, Fig. 5.8, Lisiecki & Raymo 2005). Further evidence for 

population expansion followed by fragmentation and extinction is evident from the 

nested clade analysis; this pattern reflects the kinds of growth and loss of populations 

that might follow shallow-water marine habitat fluctuations during sea-level changes. 

An hypothesis for the long-distance dispersal observed in the nested clade analysis is 

that small numbers of P. zostericola made their way onto refugial offshore habitats 

during low sea-levels and were broadly distributed by the EAC after re-colonisation of 

mainland Queensland. Alternatively, populations persisting on the shoulders of the 

continental shelf during low sea-levels were much closer to the influences of the EAC, 

and periodically underwent long-distance movements.  
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Whilst some evidence suggests population extinctions and reductions within the 

Phycomenes zostericola genetic data, there is also evidence of sustained population 

growth throughout the Pleistocene epoch. Population expansions, for three of the five 

level–four clades, contain multiple star-like phylogenies indicative of population 

expansion; these clades also have significantly negative Tajima’s D and Fu’s FS values. 

Mismatch analysis dates expansions between approximately 450 ka (clades 4–1 and 4–

2) and 820 ka (clade 4–4), suggesting that some clades persisted through multiple low 

sea-level events without major demographic losses. For the estuarine fish species 

Salanx ariakensis, the presence of palaeochannels and deltas of the Yellow and East 

China seas permitted periodic geographic mixing of heterogeneous haplotypes (Hua et 

al. 2009). I propose that, at least for some Queensland coastal species, ample refugial 

habitat existed in Queensland during Pleistocene low sea-levels. Continental shelf 

shoulders, lagoons, inlets and palaeochannels, such as the Burdekin (Fielding et al. 

2003) and Fitzroy palaeo-rivers (Ryan et al. 2007), must have provided sufficient 

estuarine conditions at the edge of the shelf to support seagrass and its associated fauna. 

The pipefish Urocampus carinirostris, another obligate seagrass animal, experienced a 

demographic expansion prior to the LGM (Chenoweth et al. 2002) suggesting seagrass 

habitat was available in south-east Queensland throughout the last glacial maximum. 

Presumably seagrass habitats moved east as sea-levels gradually dropped and returned 

west as sea-levels increased. Evidence for this sequence of events exists along the 

Pacific coast of North America; the seagrass-associated pipefish Syngnathus 

leptorhynchus and its seagrass habitat (Zostera marina) share a post-glacial genetic 

history of re-colonization from refugial populations (Olsen et al. 2004, Wilson 2006).  

  

The genetic analysis of Phycomenes zostericola shows how a small seagrass shrimp can 

respond to environmental processes over broad temporal scales. Carideans, in particular, 

are important food sources for commercially valuable fish that use seagrass habitats 

during early life-history phases (Gillanders 2006). Seagrass habitat has suffered major 

declines over the last 100 years in many parts of the world due to human activities, 

particularly eutrophication (Orth et al. 2006). Seagrass is also vulnerable to 

anthropogenic impacts exacerbated by climate change, but it is the combined effect of 

these two factors that makes seagrass especially likely to suffer further reductions in 

extent. Whilst populations of the caridean seagrass shrimp P. zostericola coped well 
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with historical climate change, they currently experience low regional connectivity and 

are unlikely to recover quickly in the event of habitat loss over large scales.  
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Chapter 6  A STUDY AND COMPARISON OF A CRYPTIC 

SIBLING SPECIES TO PHYCOMENES ZOSTERICOLA 

(DECAPODA: PALAEMONIDAE) 

 

6.1 INTRODUCTION 

 

“Suites of sibling species should be viewed as nature’s gift of replicated, well-controlled 

variation, rather than as a taxonomic nuisance.” (Knowlton 1993) 

 

Marine species with similar life histories, exposed to the same long term extrinsic 

barriers to gene flow, should display similar intraspecific phylogenetic structures in a 

geographically concordant manner (Avise et al. 1987, Avise 2000). This is true for 

marine species in Torres Strait; when fluctuating sea levels repeatedly caused the 

formation of a land bridge thus sundering populations to the east and west of the Sahul 

shelf (Galloway & Kemp 1981). For example, prawns (Benzie et al. 2002), crabs 

(Lavery et al. 1996), shrimp and seastars (Crandall et al. 2008) all show genetically 

divergent structures either side of Torres Strait.  

 

Phycomenes zostericola was similarly affected by the formation of a Torres Strait land 

bridge, showing genetic divergence between Torres Strait islands and Queensland 

populations. The impact from rapid and vast fluctuation of sea levels can also be 

observed in the phylogeographic structure of P. zostericola showing extinction and re-

colonisation events across the Queensland continental shelf (Chapter 5). Some clades of 

P. zostericola were found to have undergone population expansions prior to the last 

glacial maximum, suggesting that these shrimp were not negatively impacted by low sea 

levels. Many populations maintained their numbers in refugia along either the edge of 

the continental shelf, or on offshore reefs in the Coral Sea. 

 

Phycomenes sp2 is the sibling taxon to P. zostericola; it shares the same habitat type, is 

morphologically identical and is assumed to display similar reproductive life history 

traits (this is a reasonable assumption given the morphological similarities although 

experimental evidence is required). Given that sympatric populations of both 

Phycomenes species are biologically and ecologically similar, I hypothesised that P. sp2 
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would show a similar phylogeographic structure to that of P. zostericola, showing an 

isolation by distance pattern and a discernable genetic break between Torres Strait 

islands and Queensland and evidence of historical population expansions occurring 

prior to the last glacial maximum.  

 

6.2 METHODS 

 

6.2.1 Sampling strategy 

Phycomenes sp2 individuals were sampled from ten shallow seagrass beds in north 

Queensland (Table 6.1) along 1 500 km of coastline. The smallest distance between 

adjacent sites was 25 km (Ugar Island to Erub Island) and the greatest was 1 080 km 

(Torres Strait islands to Townsville; Fig. 6.1). All seagrass sites were < 100m from 

shore. Phycomenes sp2 was found at 10 of the 19 sites where P. zostericola were 

collected. Shrimp were preserved in 70% ethanol. 

 

Table 6.1. Sample locations and sites where Phycomenes sp2 were identified using 
genetic techniques. 

Location Site Date Dominant seagrass taxa 
Torres Strait Saibai Is. Mar 08 Indeterminate mix of Enhalus & 

Zostera 
 Moa Is. Mar 08 As above 
 Thursday Is. Mar 08 As above 
 Erub Is. Mar 08 As above 
 Coconut Is. Mar 08 As above 
 Yam Is. Mar 08 As above 
 Ugar Is. Mar 08 As above 
Weipa Weipa Harbour Nov 08 Enhalus acoroides 
Townsville Bushland Beach Nov 08 Zostera capricorni 
Bowen Bowen Harbour Nov 08 Zostera capricorni 
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Figure 6.1. Map of Queensland and Torres Strait islands showing sites where Phycomenes sp2 were captured. 
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6.2.2 DNA extraction and PCR and sequencing 

As per Chapter 3: General molecular methods 

 

6.2.3 Statistical analyses 

Sequence alignment, pairwise FST calculations, Mantel test, haplotype nesting and 

NCPA, Tajima’s D, Fu’s FS, mismatch and coalescent analyses were all used as 

outlined in Chapter 3 with the following specifications. False discovery rate (FDR) 

correction (Narum 2006) on pairwise FST for this data set was based on an alpha value 

of 0.05 and a probability value less than 0.0114. In analyses of molecular variance, 

populations were grouped to test for significant partitioning of among group genetic 

variation (ФCT) based on the hypothesis that a land bridge forming between Australia 

and Papua New Guinea created variation between Torres Strait island and Queensland 

populations. To further examine the relationship of Weipa shrimp populations to other 

populations, they were grouped with Queensland populations in one AMOVA and in a 

second analysis with Torres Strait island populations. The geographical structure was 

also investigated using a simulated annealing approach in SAMOVA (spatial analysis of 

molecular variance, Dupanloup et al. 2002), which was used to partition populations 

that are geographically similar and maximally differentiated (thus providing the highest 

ФCT values). SAMOVA was run for 10 000 iterations for K = 2 to 5 using 100 initial 

conditions. Neutrality tests (Fu’s FS and Tajima’s D) were used at nesting level four 

(the total cladogram). The hypothesis that the populations experienced isolation and 

vicariance due to the last glacial maximum was tested using Coalescent analysis in the 

program IM (Hey & Nielsen 2004) 

 

6.3 RESULTS 

 

Sequencing usually resulted in good quality sequences which were easy to align. A 

number of sequences did not sequence well at the 5’ end and so all analyses were done 

on a shorter sequence. A total 58 individual specimens of Phycomenes sp2 from 10 

populations were analysed for a 590 bp segment of the mitochondrial gene COI. 
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6.3.1 Population analyses  

A high level of diversity was observed, both within and between sampled populations 

which supported a regional structuring to populations of Phycomenes sp2. A total of 58 

COI sequences, 590 bp long were included in all analyses. Of these samples, 32 distinct 

haplotypes, with 40 segregating sites and 16 parsimony informative sites were found. 

Haplotype diversity within sampled populations ranged from 0 to 1 (Table 6.2) and the 

overall haplotype diversity was 0.888. During population range expansion, the 

expanding “front” or newer populations would be expected to have lower genetic 

diversity than ancestral populations (Hewitt 1996); no relationships were found in 

correlative analyses between nucleotide diversity and geographic location.  

 
Table 6.2. Genetic diversity statistics for Phycomenes sp2 at each of the sampled sites. 
n, number; nh, number of haplotypes; h, haplotype diversity; π, nucleotide diversity. 

Site n nh h π 
Coconut Is. 7 5 0.857 0.007 
Saibai Is. 8 7 0.964 0.005 
Moa Is. 4 1 0.000 0.000 

Thursday Is. 2 2 1.000 0.003 
Yam Is. 3 1 0.000 0.000 
Erub Is. 4 3 0.833 0.005 
Ugar Is. 6 2 0.333 0.001 
Weipa  11 10 0.982 0.007 

Townsville 9 8 0.972 0.003 
Bowen 4 3 0.833 0.005 

 

In 45 pairwise population comparisons 23 FST values were significant (Table 6.3). After 

FDR correction, 15 of the 45 pairwise FST comparisons were found to be significant; 

this did not change any overall patterns of genetic differentiation observed prior to the 

correction.  
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Table 6.3. Pairwise FST values (lower matrix) and ФST values (upper matrix) for 
populations of Phycomenes sp2; estimates calculated in Arlequin. FST and ФST values in 
bold are ≤ 0.05; FST values with an asterisk are ≤ 0.0114 under a FDR correction 
(Narum 2006). 

 
 

In testing for an isolation by distance effect, Mantel test detected a positive correlation 

between genetic (Slatkin’s linearised ФST values) and geographic distance (r = 0.68; P ≤ 

0.002; and see Fig. 6.2). Analyses of molecular variance found a significant proportion 

of the genetic variance among populations regardless of hierarchy (global ФST = 0.468, 

P ≤ 0.000). A large, significant ФCT was found between Torres Strait islands and 

Queensland (Table 6.4). Grouping Weipa samples with Torres Strait samples did not 

yield a significant ФCT value. 

 

 
Figure 6.2. Scatterplot of showing linear relationship between geographic distance 
(kilometres) and genetic distance (Slatkin’s linearised ΦST values) for populations of 
Phycomenes sp2.  
  

n CO SA M TI Y E U W T BO
CO Coconut island 7 -0.046 0.091 0.001 0.029 -0.038 0.125 0.380 0.467 0.368
SA Saibai island 8 -0.005 0.209 0.166 0.150 -0.011 0.201 0.462 0.579 0.497
M Moa island 4 0.186 0.230 0.385 0.000 0.095 -0.081 0.633 0.795 0.795
TI Thursday island 2 0.104 0.026 0.724 0.250 -0.005 0.347 0.577 0.743 0.669
Y Yam island 3 0.127 0.172 0.000 0.647 0.004 -0.154 0.606 0.776 0.759
E Erub island 4 -0.129 -0.037 0.167 0.111 0.077 0.134 0.523 0.662 0.568
U Ugar island 6 0.112 0.155 -0.081 0.510 -0.154 0.043 0.649 0.799 0.804
W Weipa 11 0.067 0.027 0.360* 0.013 0.317* 0.078 0.292* 0.007 -0.067
T Townsville 9 0.071 0.032 0.384* 0.020 0.337* 0.085 0.311* -0.029 0.091
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Table 6.4. Analysis of Molecular Variance (AMOVA) of Phycomenes sp2 results 
calculated in Arlequin 3.1(Excoffier et al. 2005) for the mitochondrial gene COI using 
pairwise differences. Grouping tested for a significant partitioning of genetic variation 
between mainland Queensland and Torres Strait islands.  

AMOVA    Percentage variation 

Hypothesised genetic 

splits 

ФCT ФSC ФST Among 

group 

Among pop. 

within group 

Within 

pop. 

 

1. TS / QLD 

 

0.637* 

 

0.021NS 

 

0.637** 

 

63 

 

1 

 

36 
Pop, population; TS, Torres Strait islands; QLD, Weipa, Townsville and Bowen; * P ≤ 0.05; ** P ≤ 0.001 
 

The largest ФCT value in the SAMOVA was found with K = 2 and ФST did not change 

much between K= 2 and K = 5 (Table 6.5). Genetic structure between Torres Strait 

Islands and Queensland was evident in all SAMOVA partitions (Table 6.5).  
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Table 6.5. Results of a spatial analysis of molecular variance (SAMOVA) (Dupanloup et al. 2002) of Phycomenes sp2 populations for K = 
1–5. Probability values are shown in parentheses. 
     Percent variation (%) 

K Population Groups ФCT ФSC ФST Among  
group 

Among  
pop within 

group 

Within 
Pop 

2 1 Weipa, Townsville, Bowen 
2 Saibai, Coconut, Moa, Yam, Erub, Ugar, and Thursday 
islands 

0.599 
(0.008) 

0.030 
NS 

0.611 
(0.000) 

60 1 39 

3 1 Weipa, Townsville, Bowen 
2 Thursday island 
3 Saibai, Coconut, Moa, Yam, Erub, and Ugar islands 

0.581 
(0.002) 

0.03 
NS 

0.594 
(0.000) 

58 1 40 

4 1 Townsville, Weipa 
2 Bowen 
3 Thursday Is. 
4 Saibai, Coconut, Moa, Yam, Erub and Ugar islands 

0.559 
(0.002) 

0.032 
NS 

0.573 
(0.000) 

56 1 43 

5 1 Townsville  
2 Weipa, Bowen 
3 Erub Is. 
4 Thursday, Moa, Yam, and Ugar islands 
5 Saibai and Coconut islands 

0.554 
(0.001) 

–0.111 
NS 

0.504 
(0.000) 

55 –5 50 
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6.3.2 Nested clade phylogeographic analysis 

There were 32 haplotypes, which were nested into 19 one-step clades, 7 two-step clades, 

3 three-step clades, and  1 four-step clade (Fig. 6.2). Only the total cladogram (nesting 

level 4) had a significant chi-square value. However, it was not possible to resolve 

between fragmentation and isolation by distance due to inadequate sampling (Table 

6.6). This lack of resolution likely resulted from large physical distances between the 

sampled sites of the Torres Strait islands and Townsville. Intermediate sites were 

sampled but no Phycomenes sp2 were captured.  
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Figure 6.2. Nested parsimony network for Phycomenes sp2 computed by TCS using 590 
base pairs of cytochrome oxidase I gene for 32 haplotypes with 95% confidence 
interval. Circle size indicates number of individuals sharing a haplotype, colour 
indicates sample location. Connecting bars indicate one base pair mutation and black 
circles indicate additional base pair mutations. Nesting levels are boxed into clade levels 
one (dotted lines) to four (total cladogram). TS (Torres Strait) Wester Islands, Moa and 
Thursday islands; TS Central Islands, Saibai, Coconut and Yam islands; TS Easter 
Islands, Ugar and Erub islands.  
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Table 6.6. Nested clade analysis of Phycomenes sp2 haplotypes with significant Chi-
square statistic. Significant values for Dc (clade distance); Dn (nested clade distance) 
and I-T (interior vs tip) are denoted by a S (significantly small) or an L (significantly 
large). 
Clade χ2 (P)  Clade Position Dc Dn Chain of inference 
Total 61.803 3–1 Tip  69S 271L Geographic 

sampling scheme 
inadequate to 
discriminate 

between 
fragmentation and 

isolation by distance 
1–2–3–4b–9–10 

 (0.000) 3–2 Interior 497 705L 
  3–3 Tip 483 636L 
   I-T 268L 293L 

 

6.3.3 Neutrality tests & mismatch distributions 

Tajima’s D compares the number of haplotypes to the number of segregating sites 

whilst significant Fu’s FS values reflect an excess of rare haplotypes. Negative values in 

both analyses are typically interpreted as recent population expansions (Fu 1997). Tests 

of neutrality for Tajima’s D and Fu’s FS neutrality tests were significantly negative for 

3–1 and 3–3 nested clade levels (Table 6.7). Neutrality and mismatch analyses were not 

tested on clade level 3–2 due to its small sample size (n = 6). The parameters of the 

mismatch distribution for nested clade levels 3–1 and 3–3 could not reject a sudden 

population expansion model (Table 6.7, Figure 6.3). Population expansions estimated 

using tau values date well within the Pleistocene epoch (Table 6.7).  

 

Table 6.7. Results of neutrality tests, Tajima’s D and Fu’s FS and parameters of the 
mismatch distribution for four–step clades from a nested clade analysis. Probability 
values (D and FS) or upper and lower bounds of the 95% confidence intervals (tau and 
τ) in parenthesis. Harpending’s raggedness index (Hri) was also applied to mismatch 
distribution data.  
Population Tajima’s 

D 
Fu’s 
FS 

tau 
 

τ 
(years) 

Hri 

Clade 3–1 –1.80 
(0.011) 

–6.78 
(0.000) 

0.135 
(0–0.506) 

16 300 
(0–61 300) 

0.046 
(1.000) 

Clade 3–3 –2.06 
(0.006) 

–10.14 
(0.000) 

1.689 
(0.508–4.639) 

204 500 
(61 500–561 600) 

0.041 
(0.602) 
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Figure 6.3. Mismatch distribution of Phycomenes sp2 haplotypes for level three clades 
of the Nested Clade Phylogeographic Analysis. Observed pairwise differences are 
plotted with the simulated distribution expected under a constant size population and an 
expanding population.  
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6.3.4 Coalescent analysis  

The most recent common ancestor of sampled Torres Strait and Queensland populations 

was estimated to exist 647 ka (Table 6.8). Some IM estimates, especially migration 

rates, were found to have very wide posterior densities (Table 6.8, Figs 6.4, 6.5), which 

may be related to the small sample size. Regardless, Torres Strait and Queensland were 

found to exchange as little as one migrant every six years; the two populated regions 

likely coalesced within the Pleistocene epoch (Table 6.8). Although estimates of 

effective population size are also broad, they still indicated large effective population 

sizes ranging from hundreds of thousands to millions (Table 6.8).  

 

Table 6.8. Coalescent parameters and population divergence estimated using IM. Ne: 
effective population size; given for ancestral and current populations. HPD range, 90% 
Lower and Upper highest posterior density. QLD, Queensland population; TS, Torres 
Strait population; t, coalescence time; TMRCA, time to most common recent ancestor, 
MigA, number of individuals estimated to migrate from the Queensland population to 
the Torres Strait population; MigB, number of individuals estimated to migrate from the 
Torres Strait population to the Queensland population; ka, thousand years ago.  
 IM High Point  

(90% HPD range) 
Effective population size 

(90% HPD range) 
NeQLD  186.76 

(63.60–647.25) 
11 305 000 

(3 850 000–39 180 000) 
NeTS 20.93 

(9.44–39.81) 
1 267 000 

(572 000–2 400 000) 
NeAncestral 4.52 

(0.41–20.11) 
273 000 

(1 218 000) 
 

 IM High Point  
 (90% HPD range) 

Years since divergence 
(90% HPD range) 

t 1.58 
(1.01–2.33) 

381 ka 
(243–563 ka) 

 
 IM High Point  

 (90% HPD range) 
TMRCA 

(90% HPD range) 
TMRCA 2.67 647 ka 

 
 IM High Point  

 (90% HPD range) 
Gene flow rate / gene copy / year 

(90% HPD range) 
MigA 
 

0.0025 
(0.003–0.178) 

1.03-8 
(1.03-8–7.35-7) 

MigB 
 

0.0025 
(0.003–0.403) 

1.03-8 
(1.03-8–1.66-6) 
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Figure 6.4. Posterior distribution of parameter estimates for Phycomenes zostericola 
derived from IM (Hey & Nielsen 2004) for Torres Strait islands, Queensland and a 
theoretical Ancestral population. M1, gene flow per gene copy per generation from 
Torres Strait islands to Queensland and M2 from Queensland to Torres Strait islands; 
and t, time to coalescence.  
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Figure 6.5. Pleistocene glacial maxima inferred from 57 globally distributed δ18 records 
(above, Lisiecki & Raymo 2005) and results from coalescent and mismatch analyses for 
Phycomenes zostericola and Phycomenes sp2. Closed circle and whiskers indicate the 
peak and 90% posterior probability distribution for the time of splitting parameter t and 
the open circle indicates the time to most recent common ancestor (TMRCA), both 
calculated in IM using μ = 1.4 x 10-8 (Knowlton & Weigt 1998). The top three estimates 
in italics are P. zostericola (see Chapter 5) and the fourth estimate in bold is 
Phycomenes sp2.The stars indicate demographic expansions for Phycomenes sp2 and 
were determined by neutrality tests and dated using mismatch analysis (see Table 6.7).  
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6.4 DISCUSSION 

 

Phycomenes sp2 populations show similar intraspecific genetic structure to that of 

Phycomenes zostericola although a dissimilar demographic history was evident. 

Phycomenes sp2 had slightly less variation (h = 0.89) and a more recent history (τ = 

0.14 and 1.69) than Phycomenes zostericola (h = 0.96, τ = 3.8 and 6.8). Both 

Phycomenes species shared a large population size, very little gene exchange between 

regions and high within and among population diversity. Similar also to P. zostericola, 

regional structuring between Torres Strait islands and Queensland populations was 

observed in the Nested Clade Phylogeographic Analysis and is supported by analyses of 

molecular variance (AMOVA and SAMOVA). The pairwise FST values between Torres 

Strait and Queensland sites (FST 0.1-0.6) were slightly higher than those observed in its 

sibling species (FST 0.1-0.4; see Chapter 5), but showed the same pattern of divergence 

between the two regions. The genetic structure between Torres Strait and Queensland is 

likely to have resulted from persistent influences over hundreds of thousands of years. 

The NCPA analysis was not able to discern between isolation by distance and 

fragmentation. However, Mantel tests were conclusive in finding an isolation by 

distance effect on populations of P. sp2. As no samples were collected between 

Cooktown and Torres Strait islands, the hypothesis that divergent currents at 15ºS had a 

significant effect on genetic structure could not be rigorously tested. However, the small 

and non-significant FST values between Weipa and both Townsville and Bowen suggest 

that a within-species divergence at 15ºS is unlikely.  

 

The vast and rapid fluctuations in sea level during the Pleistocene (over the last two 

million years) are thought responsible for the morphological divergence in marine 

sponges (Hooper & Ekins 2004) and the genetic divergence within species of mud crab 

(Gopurenko & Hughes 2002), prawn (Benzie et al. 1992), starfish (Williams & Benzie 

1997), finfish (Chenoweth et al. 1998) and Phycomenes zostericola (Chapter 5). The 

results for Phycomenes sp2 are similar, and the pattern of genetic divergence in both 

Phycomenes species is likely to have resulted from continuous and persistent low sea 

level events separating Torres Strait islands and Queensland populations and continuous 

low to no gene flow between the two regions. The similarity in coalescent times (282–

329 ka for northern populations of P. zostericola and 381 ka for P. sp2) for the two 
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species further indicates that vicariant influences some 300–400 ka affected both 

species at a similar time. 

 

The two Phycomenes species appear to have experienced demographic changes and 

experienced population expansions prior to the last glacial maximum. The third nested 

clade level for Phycomenes sp2 shows two star-like phylogenies, indicative of 

population expansion (Slatkin & Hudson 1991). Population expansion is further 

supported by Tajima’s D and Fu’s FS neutrality testing. Population expansions coincide 

with the high sea level periods indicated by peaks in oxygen isotopes (refer Fig. 6.5 

peak 1 and 7) suggesting that rising sea levels played a major role in the demographic 

status of P. sp2 populations. Further, the population expansion detected from level 3–1 

(mostly Torres Strait individuals) occurred only 16 ka; this expansion was probably 

facilitated by a rising sea level and a corresponding increase in available seagrass 

habitat after the last low sea level stand some 18 ka (Larcombe et al. 1995, and 

references therein). The significant divergent structure between Queensland and Torres 

Strait populations suggests that the most recent re-colonisation of Phycomenes sp2 in 

Torres Strait islands did not come from Queensland populations and so must have come 

from a distant population, possibly from either the Arafura or Coral Sea.  

 

The east–west genetic break either side of Queensland’s Cape York, observed in other 

marine species (Chenoweth et al. 1998, Gopurenko & Hughes 2002), was not observed 

for Phycomenes species and did not show any pattern to suggest that Weipa populations 

were more similar to Torres Strait populations than to Queensland populations. The 

inverse is actually true; Weipa populations are more similar to Queensland populations. 

The Weipa population must have been re-colonised since the last glacial maximum, so 

it is more likely that the Weipa population is a range extension of Queensland 

populations moving, in a stepping-stone manner, along the coast line. At this stage I can 

only speculate on the direction of movement and re-colonisation; to definitively 

describe the direction of re-colonising Phycomenes sp. to Torres Strait islands and 

Weipa, further sampling from both east (in the Coral Sea) and west (Papua New 

Guinea, Arafura Sea and northern Australia) of the current study area would be 

necessary.  

 

The apparent persistence of Phycomenes species in high numbers during lowered sea 

levels strongly suggests that ample refugia were present, at least along the central and 
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southern Queensland coastlines. The expansion of Phycomenes sp2 haplotypes from 

nested clade level 3–3 (the predominantly Queensland clade) was estimated to have 

occurred 810 ka, which is similar in timing to a large P. zostericola clade (which 

contained haplotypes from all locations). Oxygen isotopes indicate that sea levels were 

comparatively high between 800 and 900 ka (Lisiecki & Raymo 2005); it is possible 

that high sea levels facilitated the expansion of both seagrass habitat and the two 

Phycomenes species at this time.  

 

The two sibling Phycomenes species show evidence of shared experiences yet display a 

very different demographic history. Phycomenes zostericola populations are more 

widespread along the Queensland coast, they have a more complex haplotype 

phylogeny and the most recent common ancestor between pairs of populations date to 

approximately one million years ago (at least 350 ka prior to Phycomenes sp2 

populations). Evidence presented here suggests that Phycomenes sp2 recolonised the 

north from central Queensland. From the same perspective it is reasonable to suggest 

that P. zostericola expanded both north and south at the same time. If Queensland is the 

location for post divergence secondary contact for the two Phycomenes species then it is 

reasonable to speculate that P. zostericola colonised Queensland prior to its sibling 

species and may be better adapted to cooler southern Queensland waters.   

 

Sympatric sister pairs of the snapping shrimp Alpheus angulatus and A. armillatus 

diverged subsequent to the closure of the Isthmus of Panama and are currently in 

secondary contact (Mathews et al. 2002). Although sibling Alpheus spp. occupy similar 

habitats they show patterns of microhabitat partitioning, with a given species 

dominating either one patch or another (Mathews et al. 2002). Phycomenes spp. are 

dissimilar, in that they occupy the same microhabitat; whether they use spatial or 

biological resource partitioning or exhibit competitive behaviours is not known and 

would be a very interesting study. 
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Chapter 7 A COMPARATIVE GENETIC STUDY BETWEEN 

PHYCOMENES ZOSTERICOLA AND TWO OTHER SEAGRASS 

DWELLING PALAEMONID SHRIMP SPECIES: CUAPETES 

SP. AND LATREUTES MUCRONATUS  

 

7.1 INTRODUCTION 

 

Seagrasses are home to an abundant and diverse assemblage of crustacean fauna. 

Current biodiversity estimates for seagrass habitats are probably grossly underestimated 

due to the high levels of cryptic diversity common in marine invertebrates (Knowlton 

1993). Species which appear, on morphological examination, to be widespread may in 

fact have distinct ranges for a number of cryptic species. So, by not identifying cryptic 

species we not only underestimate biodiversity, we may also overestimate the levels of 

connectivity between habitats (see Chapter 4 for an more in-depth introduction to 

cryptic species). 

 

Traditionally marine species are viewed as genetically panmictic throughout their range 

with high gene flow assumed for species with planktonic larval phases. Increasingly, 

marine studies are finding a lack of correlation between dispersal potential and 

distribution (Heads 2005, and references therein) and also between distribution and 

connectivity (as for Phycomenes zostericola, Chapter 5).  

 

For similar organisms, with similar life history traits, exposed to similar environmental 

conditions, it seems intuitive to expect that they would display similar genetic structures 

(see McCartney et al. 2000, Williams et al. 2001, also see Chapter 3). Both Cuapetes sp. 

(Okuno, 2009) and Latreutes mucronatus (Stimpson, 1860) are palaemonid shrimp, 

which belong to the Pontoniinae and Hippolytidae shrimp families respectively. They 

are large and diverse marine families, with many of the members found in algae and 

seagrasses. Cuapetes sp. and L. mucronatus in particular are abundant shrimp taxa, 

characteristic of seagrass habitats (Bauer 1985, Unsworth et al. 2007). Cuapetes sp. and 

L. mucronatus are presumably similar to most Carideans in that they hatch as 

planktonic, feeding zoeae; they develop quickly, are very fecund and produce 

successive broods in continual cycles until they die (6–24 months). Most caridean 
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larvae last weeks to months in the plankton (Bauer 2004) and thus are potentially 

capable of broad dispersal. 

 

Morphologically Cuapetes sp. appear very similar in body form to Phycomenes spp.; 

both are relatively new genera, which were previously classified under the genus 

Periclimenes (Bruce 2004, 2008, Okuno 2009). Latreutes mucronatus are elongated in 

shape and conspicuously green in colour. Presumably for L. mucronatus adults, 

movement of adults away from seagrass would increase the likelihood of predation 

from visual predators.  

 

A comparative study between Phycomenes spp., Cuapetes sp. and Latreutes mucronatus 

will either permit or inhibit generalizations about structure and gene flow/connectivity 

among populations of seagrass dwelling shrimp. Although Cuapetes sp. and Latreutes 

mucronatus share similar life history patterns and larval duration to Phycomenes spp., 

larval behaviour may differ. Biological and behavioural differences will likely result in 

different phylogeographic patterns and hence levels of connectivity among seagrass 

habitats. Like Phycomenes spp, cryptic diversity may also be overlooked if Cuapetes sp. 

and L. mucronatus are both found to contain cryptic species. The aim of this study was 

to determine if all Queensland seagrass shrimp populations display cryptic diversity and 

low broad-scale population connectivity (see Chapters 4, 5 and 6).  
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7.2 METHODS 

 

7.2.1 Sampling strategy 

Seagrass shrimp were sampled from sites in Queensland and Torres Strait waters (Table 

7.1, Fig. 7.1). The sample area was approximately 2800 km of coastline. Sample sites 

were within the range of the main study species Phycomenes zostericola. All seagrass 

species were collected opportunistically where P. zostericola were sampled in order to 

undertake comparative phylogeographic studies. Shrimp were caught from within 

seagrass beds using hand-held dip nets and preserved in 70% ethanol. 

 

7.2.2 DNA extraction and PCR and sequencing 

Mitochondrial COI and nuclear MyHC gene were amplified, as per Chapter 3: General 

molecular methods 

 

7.2.3 Statistical analyses 

Sequence alignment, pairwise FST calculations, haplotype network building, Tajima’s 

D, Fu’s FS and mismatch analyses were all used in this chapter, and are all outlined in 

the general methods chapter with the following specifications. TCS analysis grouped 

Cuapetes and Latreutes species into different haplotype networks using a 95% 

confidence interval. Pairwise comparisons between populations were only conducted 

where sample sizes were greater than three. False discovery rate correction on pairwise 

FST using the B-Y method (Narum 2006), for this data set was based on an alpha value 

of 0.05 and a probability value ≤ 0.012 for Cuapetes 1 and ≤ 0.013 for Latreutes 

mucronatus. Population analyses were tested on Cuapetes 1 and Latreutes mucronatus 

as sample sizes of other groups were too small. Neutrality tests: Fu’s FS and Tajima’s D 

were tested on all individuals from the haplotype network grouping of Cuapetes sp1 and 

Latreutes mucronatus species. The general genetic structure and between population 

FST and ФST values were compared between Phycomenes, Cuapetes and Latreutes 

species.  
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7.2.4 Power Analysis 

A post hoc analysis of statistical power was tested on the ability of small sample 

numbers to pick up statistically significant variation between populations of 

Phycomenes zostericola using pairwise FST values. Randomly chosen P. zostericola 

individuals were sub-sampled from the same (or close by) sites that Cuapetes 1 and 

Latreutes mucronatus occurred at; and in identical numbers to the Cuapetes 1 and L. 

mucronatus dataset. Pairwise FST comparisons were made between populations. This 

process was repeated ten times. 

 

7.2.5 Likelihood methods 

Phylogenetic and molecular evolutionary analyses were conducted using MEGA version 

4 (Tamura et al. 2007). The net mean genetic distance between the 22 Cuapetes and the 

15 Latreutes haplotypes used a bootstrap value of 1 000 and a maximum composite 

likelihood model. Outputs provided a divergence estimate and standard error. The 

divergence estimate was calculated with a 1.4% evolutionary rate for the crustacean 

mitochondrial gene COI (Knowlton & Weigt 1998). A maximum parsimony phylogeny 

was then inferred from 1 000 replicates and is taken to represent the evolutionary 

relationship between the individuals from each of the seagrass shrimp taxa. The 

maximum likelihood tree was obtained using RAxML (Stamatakis et al. 2005, 

Stamatakis 2006) via the CIPRES web portal version 1.15 (Miller et al. 2009) with 

bootstrap replicates of 1 000 (Stamatakis et al. 2008). Trees were viewed and finished in 

the program Dendroscope v2.3 (Huson et al. 2007). 

 
Table 7.1. Region, location and number of all Cuapetes and Latreutes captured during 
this study.  
 
Region Location 

Cuapetes 
sp. 

Latreutes 
 mucronatus 

Torres Strait Saibai Island 1 4 
 Boigu Island  5 
 Murray Island 13  
 Erub Island 3  
 Ugar Island 7  
Gulf of Carpentaria Karumba 3 3 
 Weipa  3 
Far north QLD Archer Pt 1  
 Green Island 9 2 
 Townsville 1 6 
Central QLD Seaforth  6 
Southeast QLD Tinnanbar  6 
 Tallebudgera Ck 5  
 TOTAL COUNT 43 35 
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7.3 RESULTS 

 

Specimens of Cuapetes could not be identified to species level and are likely to be a 

previously unidentified species, closest in morphology to C. seychellensis (AJ Bruce, 

Queensland Museum, personal communication). The sequencing of shrimp specimens 

usually resulted in good quality sequences which were easy to align. A total 43 

individual specimens of Cuapetes and 35 of Latreutes from 13 populations were 

analysed for a 660 bp segment of the mitochondrial gene COI.  

 

7.3.1 Nuclear gene MyHC 

Specimens of Latreutes and Cuapetes successfully underwent PCR for fragments of the 

myosin heavy chain (MyHC) gene. Many differences were observed between Cuapetes 

and Latreutes genera but none within each of the genera. Latreutes from different 

mitochondrial lineages and geographically distant populations were still observed to 

have no variation in the 700 base pairs amplified. The same was found for the 750 base 

pairs amplified for Cuapetes individuals.  

 

7.3.2 Cryptic species 

There were 28 distinct haplotypes of Cuapetes falling into three separate haplotype 

networks (C. 1 2 & 3; Table 7.2, Fig. 7.1) with a 95% confidence interval using the 

program TCS (Clement et al. 2000). Cuapetes 1 and C. 2 were sympatric and C. 3 was 

the only Cuapetes sampled from Karumba (Table 7.2, Fig. 7.1).  

 

The 22 Latreutes haplotypes were separated into four distinct TCS haplotype networks 

(L. mucronatus, L. 2, 3 & 4; Table 7.2). Latreutes mucronatus was found either by itself 

or in sympatry with another Latreutes lineage (Fig. 7.1). Each of the three Cuapetes and 

four Latreutes mucronatus lineages identified from TCS analysis were respectively 

morphologically identical (Sammy de Grave, Oxford University, England, personal 

communication), although it is possible that some diagnostic characteristics to 

distinguish between species have not yet been documented for these different lineages. 
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Table 7.2. Region, location and number of all separate Cuapetes and Latreutes lineages identified during TCS analysis using a 95% 
confidence interval. 
 
Region Location 

Cuapetes 
1 

Cuapetes 
2 

Cuapetes 
3 

Latreutes 
 mucronatus 

Latreutes 
2 

Latreutes 
3 

Latreutes 
4 

Torres Strait Saibai Island 1    4   
 Boigu Island    4 1   
 Murray Island 12 1      
 Erub Island 2 1      
 Ugar Island 5 2      
Gulf of Carpentaria Karumba   3 3    
 Weipa    3    
Far north QLD Archer Pt 1       
 Green Island 9     2  
 Townsville 1   5 1   
Central QLD Seaforth    6    
Southeast QLD Tinnanbar    4 1  1 
 Tallebudgera Ck 3 2      
 TOTAL COUNT 34 6 3 25 7 2 1 
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Figure 7.1. Map of Queensland and Torres Strait showing location where each Cuapetes and Latreutes lineages were caught. 
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7.3.3 Divergence between lineages 

Cuapetes and Latreutes lineages were all included in the maximum likelihood tree and 

the two genera function as out-groups for each other. A maximum likelihood tree shows 

low bootstrap values supporting the separation of Latreutes lineages (Fig. 7.2). Though, 

high bootstrap values support the separation of Cuapetes 1 and 2 from C. 3 but not C. 1 

from C. 2 (Fig. 7.2).  

 

A maximum composite likelihood model was used to estimate between lineages and 

also between genera sequence divergence. Using a 1.4% divergence rate (Knowlton & 

Weigt 1998) Cuapetes were 12-36% divergent between lineages and the timing of the 

divergence was dated from 8 to 25 million years ago (Table 7.3). Latreutes were found 

to be 23 to 27% divergent between lineages and divergence was dated from 16 to 19 

million years ago (Table 7.3).  
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Figure 7.2. Maximum likelihood tree used COI sequence data to infer the evolutionary history of sampled Cuapetes and Latreutes lineages. 
Cuapetes and Latreutes operate as out-groups for each other. Scale bar shows percentage nucleotide divergence   
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Table 7.3. Evolutionary divergence between groups displayed as a percentage with standard error (lower matrix). Time since divergence 
calculations used a 1.4% COI sequence divergence rate per million years with standard error (upper matrix). Standard error estimates were 
obtained by a bootstrap procedure (1000 replicates). Analyses were conducted using the Maximum Composite Likelihood method in 
MEGA4. Codon positions included were 1st+2nd+3rd+Noncoding. All positions containing gaps and missing data were eliminated from 
the dataset (Complete deletion option). There were a total of 660 positions and 85 sequences in the final dataset. 
 

  Cuapetes Latreutes 
Species Code C1 C2 C3 LM L2 L3 
 
Cuapetes 1 

 
C1 % 8 (± 3) 25 (± 12) 24 (± 11) 27 (± 13) 27 (± 13) 

 
Cuapetes 2 

 
C2 12 (± 4 ) %

mya   
25 (± 11) 29 (± 15) 29 (± 14) 26 (± 13) 

 
Cuapetes 3 

 
C3 36 (± 17 ) 35 (±16 ) %

mya  
23 (± 10) 22 (± 10) 25 (± 11) 

 
Latreutes mucronatus 

 
LM 34 (± 16) 42 (± 21) 32 (± 14) %

mya  
16 (± 7) 19 (± 8) 

 
Latreutes 2 

 
L2 39 (±18 ) 41 (± 20 ) 31 (±14 ) 23 (± 9) %

mya  
18 (± 7) 

 
Latreutes 3 

 
L3 39 (± 19) 37 (± 18) 35 (± 16) 27 (± 12) 25 (± 10) mya 

 
.
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7.3.4 Phylogeographic analyses 

Most haplotype networks for Cuapetes and Latreutes lineages show evidence of 

haplotype sharing between the most geographically distant locations (Fig. 7.3). The 

large number of missing haplotypes in networks for Cuapetes 2 and Latreutes 3 

probably result from low sample size. Cuapetes 3 were only found in Karumba and 

Latreutes 3 were only found in the Cooktown/Cairns district (Fig. 7.3).  

 

The amplified segment of the COI gene proved useful as a variable marker in 

phylogeographic studies for Cuapetes and Latreutes as overall haplotype diversity was 

found reasonable for Cuapetes 1 (0.88) and for Latreutes mucronatus (0.92). 

Populations with a sample size greater than 3 individuals were chosen for pairwise 

comparisons, which resulted in few significant values. No significant pairwise FST 

values were found (Tables 7.4 and 7.5), although two comparative ФST values were 

significant for Latreutes mucronatus; only one of these remained significant after a 

FDR correction of ≤ 0.013 (Table 7.5). 
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Figure 7.3. Haplotype parsimony network for three Cuapetes and four Latreutes 
lineages computed by TCS using 660 bp of the cytochrome oxidase I gene with a 95% 
confidence interval. Circles indicate number of individuals sharing a haplotype, colour 
indicates sample location, connecting bars indicate one base pair mutation and black 
circles indicate additional base pair mutations.  
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Table 7.4. Pairwise FST (upper matrix) and ФST (lower matrix) estimates for Cuapetes 1 and Phycomenes zostericola from the same or 
proximal (< 50 km) locations, calculated in the program Arlequin. Probability values are in parentheses for Cuapetes 1. All probability 
values < 0.05 are in bold for both taxa. 
Cuapetes 1 
Region Location n Murray Island Ugar Island Green Island Tallebudgera 
Torres Strait Murray Island 12   0.014 (0.32) -0.022 (0.81) -0.018 (0.53) 
 Ugar Island 5 0.002 (0.41)   0.004 (0.53) -0.014 (0.51) 
North QLD Green Island 10 0.017 (0.30) 0.05 (0.17)   -0.076 (0.99) 
SEQ Tallebudgera 3 0.029 (0.34) -0.059 (0.78) 0.077 (0.35)   
       
Phycomenes zostericola (Chapter 5) 
  N Erub Island Ugar Island Cairns Loders Creek 
Torres Strait Erub Island 1  0.044 1.000 0.025 
 Ugar Island 14 0.368  0.578 0.031 
North QLD Cairns 20 1.000 0.744  0.488 
SEQ Loders Creek 24 0.505 0.408 0.606  
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Table 7.5. Pairwise FST (upper matrix) and ФST (lower matrix) estimates for Latreutes mucronatus and Phycomenes zostericola from the 
same or proximal (< 50 km) locations calculated in the program Arlequin. Probability values are in parentheses and those significant after 
false discovery rate are indicated by an asterisk for Cuapetes sp1. All probability values < 0.05 are in bold for both taxa.  
Latreutes mucronatus 
Region Location n Boigu Island Karumba Weipa Townsville Seaforth Tinnanbar 
Torres Strait Boigu Island 4  0.000 (0.99) 0.000 (0.99) -0.053 (0.99) 0.149 (0.10) 0.083 (0.44) 
Gulf of Carpentaria Karumba 3 0.25 (0.06)  0.000 (0.99) -0.009 (0.73) 0.164 (0.12) 0.092 (0.40) 
 Weipa 3 -0.184 (0.76) 0.118 (0.41)  0.058 (0.44) 0.056 (0.46) -0.091 (0.99) 
North QLD Townsville 5 0.103 (0.99) 0.118 (0.21) -0.037(0.58)  0.097 (0.15) 0.131 (0.18) 
Central QLD Seaforth 6 0.340 (0.01) 0.441 (0.01)* 0.145 (0.25) 0.085 (0.19)  0.066 (0.33) 
SEQ Tinnanbar 4 0.191 (0.07) 0.452 (0.03) -0.016 (0.56) 0.078 (0.26) -0.058 (0.44)  
         
Phycomenes zostericola (Chapter 5) 
Region Location n Saibai Island - Weipa Townsville Seaforth Poona 
Torres Strait Saibai Island 15  - 0.172 0.141 0.085 0.086 
Gulf of Carpentaria Weipa 13 0.307 -  -0.029 0.103 0.093 
North QLD Townsville 14 0.294 - -0.001  0.085 0.095 
Central QLD Seaforth 28 0.213 - 0.095 0.114  0.029 
SEQ Poona 25 0.391 - 0.269 0.265 0.266  

- No Phycomenes zostericola were caught at or close to Karumba. 
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7.3.5 Power Analysis 

All replicate comparisons of pairwise FST values for Phycomenes zostericola sub-

sampled from Ugar Island (n = 14) and Loders Creek (n = 3) were not significant. 

However, those between Cairns (n = 9; all one haplotype) and Ugar and Loders were 

significant (Table 7.6). When the entire P. zostericola dataset was used, pairwise FST 

values were significant between all three of these populations (Table 7.4). 

 

The five comparisons of pairwise FST values for Phycomenes zostericola sub-sampled 

from Saibai Island (n = 4), Townsville (n = 5) and Seaforth (n = 6) were not significant 

(Table. 7.6), whereas all were significant when the entire P. zostericola dataset was 

used (Table 7.5). 

 

Table 7.6. Results of proportion of significant pairwise FST values from randomly 
chosen sub-samples of Phycomenes zostericola populations. Five different simulated 
data sets were run each from sites and number of individuals the same as Cuapetes 1 
and Latreutes mucronatus samples. 
   Proportion of times significant pairwise FST 

values were observed 
  n Ugar Island Cairns Loders Creek 
Simulated data set 
Sites from: 
Cuapetes 1 

Ugar Island 5 -   
Cairns 9 100% -  
Loders Creek 3 0% 100% - 

   Saibai Island Townsville Seaforth 
Simulated data set 
Sites from:  
L. mucronatus 

Saibai Island 4 -   
Townsville 5 0% -  
Seaforth 6 0% 0% - 
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7.3.6 Neutrality tests and mismatch distributions 

Tajima’s D compares two estimates of diversity which should be the same under 

neutrality (Tajima 1989) whilst Fu’s FS compares the observed number of haplotypes to 

that expected under neutrality (Fu 1997); negative values in both analyses result from an 

excess of substitutions relative to expectations for a constant-sized population and may 

be interpreted as evidence for recent population expansion. Tests of neutrality for 

Tajima’s D were significantly negative for Cuapetes 1 but not for Latreutes mucronatus 

(Fig. 7.3). Fu’s FS neutrality tests were significantly negative for both Cuapetes 1 and 

Latreutes mucronatus (Fig. 7.3). The parameters of the mismatch distribution for 

Cuapetes 1 and Latreutes mucronatus could not reject a sudden population expansion 

model (Fig. 7.3). Population expansions estimated using tau values all date well within 

the Pleistocene epoch: ~210 000 for Cuapetes 1 and ~420 000 years ago Latreutes 

mucronatus (Fig. 7.3).  
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Figure 7.4. Results of neutrality tests, Tajima’s D and Fu’s FS shown on a graph of the 
mismatch distribution for Cuapetes 1 and Latreutes mucronatus. Time (τ) was 
calculated using μ = 1.4 x 10-8 (Knowlton & Weigt 1998). Harpending’s raggedness 
index (Hri) was also applied to mismatch distribution data. Probability and 95% 
confidence intervals shown in parentheses. ka, thousand years ago.  
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7.4 DISCUSSION 

 

Both Cuapetes and Latreutes genera contain highly divergent cryptic lineages living in 

sympatry along the Queensland coastline. The nucleotide divergence between Cuapetes 

and Latreutes lineages is considerable (8–27%) compared to the 5.6% divergence found 

between sibling Phycomenes species, or the 5% for freshwater Paratya australiensis 

(Cook et al. 2006) and marine snapping shrimp Alpheus armillatus (Mathews et al. 

2002). Further, the variation between species is well within the range that crustacean 

bar-coding studies use (variation between 19–48 times greater than within for COI, 

Costa et al. 2007). For the above mentioned reasons I consider the different Latreutes 

and Cuapetes lineages as different species.  

 

Whether the divergences between cryptic species evolved in sympatry or in isolation 

cannot be determined. Cryptic species are common in marine invertebrates (Knowlton 

1993) and may evolve readily in crustacean taxa due to their complicated chemical 

communication systems and high levels of competition within seagrass systems (Bauer 

2004). Based on the current sample sizes it is not possible to draw any biogeographic 

conclusions on species boundaries. However, it is interesting that no Cuapetes were 

sampled from Weipa and Cuapetes sp3, Latreutes sp3 and Latreutes sp4 were each 

sampled from a single location. Only more comprehensive sampling may reveal if 

species biogeographic patterns exist.  

 

None of the three Cuapetes nor four Latreutes species displayed any of the within 

species geographical structure observed for the Phycomenes taxa. The lack of structure 

observed in the haplotype networks of both Cuapetes and Latreutes; together with the 

lack of significant FST or ΦST values; is suggestive of panmixia. However, caution 

should be taken with this conclusion as the lack of a statistically significant difference 

between groups does not mean they are the same (see, Brosi & Biber 2009), the low 

power available in this data set may not be enough to detect significant structure 

between groups within species. The repeated random sub-sampling of Phycomenes 

zostericola populations shows that the low numbers used in this study would not 

provide enough statistical power to detect differences between populations unless 

within population diversity was low (e.g. similar to when all nine individuals from 

Cairns shared the same haplotype in every simulation). The sharing of haplotypes from 
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geographically distant populations in both Cuapetes spp. and Latreutes spp. may also 

indicate panmixia, though the low sample size makes it impossible to tell if this pattern 

resulted from high gene flow or recent movement and incomplete lineage sorting. 

Phycomenes zostericola also shows haplotype sharing between distant populations, yet 

overall, statistical power is high enough to show that populations are genetically 

structured (Chapter 5).  

 

Although the sample populations of Cuapetes sp1 and Latreutes mucronatus are not 

large, they did both show significant population expansions dating to 210 and 420 

thousand years ago respectively. If the 1.4% sequence divergence rate (Knowlton & 

Weigt 1998) is true for Cuapetes sp1 and L. mucronatus, then the population expansion 

in both species occurred during peaks in sea level (Lisiecki & Raymo 2005). A rise in 

sea level and consequent expansion of seagrass habitats is thought to have facilitated 

population expansions in P. zostericola (Chapter 5). Similarly for Cuapetes sp1 and L. 

mucronatus, sea level rise and habitat expansion are likely to have facilitated broad-

scale population expansions in all seagrass inhabitants. 

 

The lack of variation in the nuclear gene sequence of myosin heavy chain suggests that 

the fragment amplified is highly conserved within both Cuapetes and Latreutes taxa 

(but not between the genera). Unlike the within and between species variation observed 

in other caridean shrimp species (Williams et al. 2002) or the geographical patterns 

observed in Phycomenes populations (Chapter 4), this gene is not variable for Cuapetes 

or Latreutes taxa and thus is not suitable for analyses of within or between species 

relationships in these species.  

 

Little is known about the abundant Cuapetes and Latreutes species in Australian waters. 

Here I present evidence for two taxa of shrimp which display cryptic diversity and 

although statistical power is low, some initial evidence for high, realised potential for 

gene flow between geographically distant populations in Cuapetes sp1 and Latreutes 

mucronatus. There is great scope for future study on these very interesting groups of 

seagrass crustaceans. Ideally, in the future, more in-depth ecological and biological 

studies, along with other independent nuclear genetic data should be developed for 

Cuapetes and Latreutes genera to lend support for the phylogeographic and taxonomic 

findings presented here.  
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Chapter 8  GENERAL DISCUSSION 

 

Seagrass habitats play a vital role in the functioning of inshore marine ecosystems. Like 

an intricate mechanical watch, seagrass communities consist of many small parts, each 

with a role in maintaining the function of the whole. Caridean shrimp are the small 

parts; they were the most common taxon observed in seagrass habitats sampled during 

this study, and have been shown to be integral components of seagrass foodwebs. I 

studied the biology, phylogeography and taxonomy of some of these caridean species, 

to build a picture of how populations of seagrass-associated species along a coastline 

interact and respond to contemporary, historical and future influences in the marine 

environment. 

 

Seagrass-associated caridean shrimp are of no direct commercial value, at least in 

Australian waters, although they are of considerable ecological value. Carideans 

contribute significantly to seagrass foodwebs (Edgar & Shaw 1995, Kyne & Bennett 

2002), which play a vital role in the early life cycles of many commercial species 

(Jenkins et al. 1997). Although caridean shrimp have been the subject of study 

elsewhere, little is known about the ecology of Queensland species. Most Queensland 

studies on specific species focus on taxonomy (most of the contributions made by 

Sandy Bruce of the Queensland Museum) or charismatic reef species, such as cleaner 

shrimp (Becker & Grutter 2004). Prior to this study, no biological or broad-scale genetic 

studies had been conducted on Queensland seagrass species. 

 

Phycomenes zostericola is one of the more dominant caridean shrimp species caught in 

samples from Queensland seagrass habitats. Like other carideans it probably only lives 

for one or two years (A.J. Bruce, pers. comm.) and appears to reproduce about every 

two weeks, continuously for most of the year. The larvae are not strong swimmers, but 

are capable of maintaining their position in the water column when currents are present. 

This suggests that dispersal in this species is greater where currents are present. Based 

on this hypothesis, the broad-scale sampling approach was designed for the collection of 

P. zostericola and other caridean seagrass species.   
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8.1 CONTEMPORARY AND HISTORICAL CONNECTIVITY AMONG 

SEAGRASS SHRIMP POPULATIONS 

The most surprising result to come out of this research is that small seagrass shrimp do 

not live up to their potential for high levels of regional connectivity. Even though 

Phycomenes zostericola are abundant and widespread, they exhibit restricted gene flow, 

suggesting that number and distribution are not good indicators of gene flow, even in 

marine systems. For Phycomenes species I can conclude that larvae are retained locally 

and adults are not good at either migrating or surviving long distance travel. This would 

explain the phylogeographic structure which conforms to biogeographic boundaries 

rather than current flows. In caridean shrimp, the time between the release of larvae, 

moulting and then finding a new mate can be very short (hours to days, Bauer 1989) 

preventing the female from travelling great distances to release larvae. It is likely that 

larvae are released locally within or near the seagrass beds and the larval behaviour 

(swimming and diurnal vertical migration) determines its dispersal capabilities. 

Phycomenes and possibly other seagrass carideans may require local currents to carry 

them to major coastal currents in order to achieve regional connectivity. This is not the 

case for portunid crab species which spawn offshore, shedding their gametes into the 

major currents and thus enhancing dispersal (Hill 1994). For the Queensland portunid 

Scylla serrata, for example, genetic structure is divergent where the Southern Equatorial 

Current diverges and panmictic among populations exposed to the East Australian 

Current (EAC) (Fig. 1, Gopurenko & Hughes 2002).  

 

All species in this study displayed some haplotype sharing between geographically 

distant locations (e.g. Moreton Bay and Torres Strait Islands), which is indicative of 

long distance gene flow. Haplotype sharing among distant shrimp populations may have 

occurred either via historical population expansions or during historical connectivity 

events, for example, during times of low sea level. During the last glacial maximum 

when sea levels were low and the EAC was much stronger (Bostock et al. 2006) 

populations of seagrass-associated fauna were much closer to currents and thus 

opportunities for dispersal would have been greater. Although the EAC is predicted to 

strengthen by as much as 20% by 2100 (Ridgway & Hill 2009), an increase in current 

strength is not likely to alter the low levels of connectivity among seagrass shrimp 

populations because sea levels will remain high, so seagrass shrimp larvae will not be 

any closer to the EAC.  
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8.2 OCEAN CURRENTS AND LARVAL DISPERSAL 

The relationship between ocean currents, larval duration and dispersal have been well 

studied (Levin 2006, Weersing & Toonen 2009) and are becoming increasingly 

important in the design of marine reserves (Shanks et al. 2003). The paradigm that 

strong currents and long pelagic larval duration equal high levels of population 

connectivity, while once strongly held, has now been roundly challenged. Caribbean 

gobies, of variable pelagic larval durations, were observed to have little connectivity 

over spatial scales as small as 23 km (Taylor & Hellberg 2003). Further, in a meta-

analysis of 300 studies on marine fauna, no and very low correlations were found 

between FST values and pelagic larval durations (Weersing & Toonen 2009).  

 

The presence of strong currents has been used to infer high levels of connectivity. The 

presence of strong currents has even influenced the design of marine reserves (Gaines et 

al. 2003). The consideration of dominant currents is an effective conservation strategy 

for species which utilise currents for dispersal. However, ecological connectivity and 

healthy recruitment numbers cannot be assumed purely by the strength of the currents. 

Populations of snapping shrimp, for example, experience low connectivity even under 

the influence of the strong Indonesian Through-flow (Barber et al. 2002b). Similarly, 

Phycomenes zostericola populations did not appear to be more connected in areas 

influenced by the East Australian Current. Perhaps a more appropriate way to assign 

reserves designed to enhance connectivity is to assess the distances at which 

connectivity ceases to exist. Palumbi (2003) suggests a genetic approach whereby 

signals of isolation by distance dictate distances at which reserves are most effective at 

receiving and exchanging recruits. The isolation by distance and genetic structure of P. 

zostericola suggests that connectivity is limited over scales of 100s of kilometres. If 

reserves that include seagrass are designed to enhance connectivity of species with a 

lower dispersal potential (10s of km), seagrass-associated shrimp will also benefit as a 

result.  
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8.3 MARINE BIOGEOGRAPHIC BOUNDARIES AND POPULATION 

STRUCTURE 

Biogeographic boundaries are historical or current barriers to movement which if in 

existence for long enough, will create detectable genetic differences between 

populations. The closure of the Isthmus of Panama some three million years ago 

severed gene flow and initiated the speciation of many taxa occurring on either side 

(Bermingham & Lessios 1993, Jackson et al. 1993, Knowlton & Weigt 1998). Some 

biogeographic boundaries have broad impacts; for example the formation of a Plio-

Pleistocene marine seaway on the Baja Peninsula in California, not only caused the 

separation of terrestrial mammals and reptiles but also near-shore fishes (Riginos 2005). 

 

Biogeographic boundaries observed in some of Queensland’s marine species are also 

shared by Phycomenes species (Fig. 8.1). The Australian Government has recently bio-

regionalised the Queensland coastal and offshore environments using fish, benthic 

habitat and oceanographic data (DEWHA 2009). These bioregions also correlate with 

known biogeographic boundaries. Three bio-regions relevant to this study are: Torres 

Strait, the GBR and the shelf south from around 24ºS (the tip of Fraser island). 

Biogeographic boundaries around the Queensland continental shelf have been 

influenced by historic sea level changes, shelf characteristics, ocean currents and sea 

surface temperatures (Fig. 8.1) 
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Figure 8.1. Coastal currents, continental shelf shape and marine biogeographic 
boundaries (dotted lines) and some of the taxa influenced by them along the Queensland 
coastline. References are as follows: bivalve (Murray-Jones & Ayre 1997); caridean 
shrimp (this study); fish (Centropomidae, Chenoweth et al. 1998, Syngnathidae, 
Chenoweth et al. 2002, Sparidae, Sumpton et al. 2008); mangrove (Duke et al. 1998); 
portunid crab (Gopurenko & Hughes 2002); penaeid prawns (Benzie et al. 1992); 
sponges (Wörheide et al. 2002, Hooper & Ekins 2004).  
 
B, Baffle Creek; Bo, Bowen; C, Cairns; CT, Cooktown; D, Dingo Beach; EAC, East 
Australian Current; GSS, Great Sandy Strait (Poona, Inskip Point, Fraser island); MB, 
Moreton Bay (Pumicestone Passage and Loders Creek); PNG, Papua New Guinea; S, 
Seaforth; SEC, Southern Equatorial Current; SST, sea surface temperatures; T, 
Townsville; TS, Torres Strait; W, Weipa. 
 
 
The repeated formation of a land bridge between Papua New Guinea and Australia is 

responsible for the sharing of many terrestrial species between the countries (Walker 

1972), and the sundering of many marine populations (Benzie et al. 1992, Chenoweth et 

al. 1998, Gopurenko & Hughes 2002, Hooper & Ekins 2004). The sea level history and 

associated changes in habitat availability and current strength on both the Sunda and 

Sahul continental shelves have shaped the genetic structure of some shallow water 

marine species, providing unique opportunities to investigate historical versus 

contemporary influences on gene flow.  
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8.4 SEA LEVEL AND CONTINENTAL SHELF WIDTH 

The fauna and flora of the shallow seas on the Sunda and Sahul continental shelves have 

evolved under the influence of large changes in sea level (Galloway & Kemp 1981, 

Voris 2000). Even though sea levels have fluctuated dramatically over the last 1.5 

million years, species inhabiting rock-shores (Marko et al. 2009), reefs (Uthicke & 

Benzie 2003, Crandall et al. 2008) and seagrasses (this study and, Chenoweth et al. 

2002) have maintained molecular signals consistent with demographic expansion 

throughout glacial maxima (Fig. 8.2). Presumably coastal plant and animal species 

successfully maintained population numbers by moving back and forth across the shelf 

with the rise and fall of the sea level.  

 

In the Torres Strait, sea levels rose after the last glacial maximum, and seagrass habitat 

presumably reappeared and expanded. Torres Strait populations of Phycomenes 

zostericola underwent demographic expansion (Fig. 8.2) prior to the last glacial maxima 

and so probably grew elsewhere and moved back across the shelf as sea levels rose and 

availability of habitat increased. Torres Strait populations of Phycomenes sp2, on the 

other hand, display a demographic expansion after the last glacial maximum (Fig. 8.2), 

suggesting that they expanded with the rising sea level. It is not known which direction 

seagrass-associated shrimp came from when they recolonised the Torres Strait. A broad-

scale phylogeographic study of seagrass-associated shrimp from Western Australia to 

the Coral Sea would be very interesting in this regard.  

 

The Cairns population of Phycomenes zostericola does not show signs of demographic 

expansion, quite the opposite. The complete lack of genetic diversity in the 

mitochondrial data for the Cairns population suggests a recent bottleneck or a new 

colonisation. Seagrass populations situated on particularly thin sections of continental 

shelf would have been displaced for the longest amount of time during periods of low 

sea level, which is consistent with the observed lack of diversity in the Cairns 

population of Phycomenes zostericola (Chapter 5). Similar bottleneck effects have been 

observed in fish species in French Polynesia, where low sea levels during the Holocene 

resulted in the loss of lagoonal environments along with the fish specific to them 

(Fauvelot et al. 2003).  
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Figure 8.2. Pleistocene glacial maxima inferred from 57 globally distributed δ18 records 
(above, Lisiecki & Raymo 2005) and results from mismatch analyses and population 
expansions. Phycomenes zostericola (Chapter 5), Phycomenes sp2. (Chapter 6), 
Cuapetes sp1 and Latreutes mucronatus (Chapter 7) and also population expansions 
estimated for Urocampus carinirostris (Chenoweth et al. 2002), Holothuris nobilis 
(Uthicke & Benzie 2003) and Linkia laevigata (Crandall et al. 2008). TS, Torres Strait; 
QLD, Queensland; SE QLD, southeast Queensland; GBR, Great Barrier Reef.  
 
Genetic signals of demographic expansion pre-date the last glacial maximum for 

Queensland populations of in-shore seagrass and reef fauna (Fig. 8.2). This supports the 

hypothesis that shallow water marine species managed to persist in significant numbers 

through multiple glacial maxima. The bottleneck / new colonisation observed in the 

Cairns population of Phycomenes zostericola tell us that this is not true for all 

populations; however, the general trend for the majority of inshore species is that of 

demographic stability through glacial periods. 

 

8.5 CLIMATE CHANGE AND QUEENSLAND’S SEAGRASS SHRIMP 

Sea level rise, warmer waters and an increase in severe weather is predicted to result in 

a decline in seagrass abundance and extent around not only the Australian continent 

(Connolly 2009), but elsewhere that seagrass occurs (Short & Neckles 1999). Declines 

in seagrass habitat inevitably lead to decreased abundance and connectivity among 

populations of seagrass-associated fauna. Dramatic demographic decreases, or 

bottleneck events, typically result in decreased genetic diversity (Avise 1994) rendering 
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populations more susceptible to other environmental stressors (Hughes & Stachowicz 

2004). An increase in physical distance between habitats due to habitat loss is likely to 

result in an increase in vicariance, especially between locations either side of existing 

biogeographic boundaries. Over evolutionary time we could expect an increase in 

speciation. The rate at which speciation occurs is not standard for all taxa. In some 

marine species it can occur over relatively short time scales (<1.6 ma, McCartney et al. 

2000). The future connectivity and conservation of small seagrass-associated 

crustaceans relies on the proximity of available habitat units less than approximately 

one hundred kilometres away from each other. If future conservation efforts conserve 

seagrass habitats at spatial scales smaller than hundreds of kilometres, as suggested by 

Gaines et al. (2003), the future of small crustacean populations will be at lower risk.  

 

8.6 RECOGNISING CRYPTIC DIVERSITY 

Ignoring cryptic diversity has negative implications for the conservation of marine 

fauna. The potential to underestimate biodiversity is high where cryptic taxa exist in 

sympatry and where cryptic taxa are parapatric, there is a potential to overestimate 

distributions and connectivity among populations. The causes of speciation in sympatry 

are diverse, though most are either environmental influences preventing movement or 

changes in chemistry or behaviour in any given life history stage (Knowlton 1993). 

Most of the seagrass-associated sibling shrimp species in this study were found in 

sympatry, were morphologically identical, and caught in the same habitat on a single 

sampling occasion. It is possible the barriers to dispersal have caused the observed 

diversity and species are now in secondary contact. However, as caridean shrimp have 

very sensitive chemical recognition systems (Bauer 2004) it is also possible that 

chemical changes have resulted in sympatric speciation.  

 

8.7 CONCLUSION 

The ~3 500 km of Queensland coastline supports a variety of coastal habitat types (e.g. 

tidal wetlands, mangrove, seagrass, reef, rocky shores and surf) which are directly 

affected by anthropogenic inputs, coastal developments and climate change. There is a 

need to better understand population processes of shallow water marine species at 

broader scales than is the focus of most studies. Small seagrass-associated shrimp play 

important roles in seagrass foodwebs. Phycomenes species have a high potential for 
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regional connectivity that is not realised. This thesis focused on three of the most 

abundant shrimp genera sampled. The next step would be studies of a wider diversity of 

fauna associated with seagrass along the Queensland coast, to see if the patterns in 

shrimp dispersal hold more broadly. 
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