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ABSTRACT 

Tropical crabs are abundant and seem to play an important role in mangrove 

ecosystems. Two crab groups are dominant: sesarmids (Grapsidae) and Uea 

(Ocypodidae). Australian Uea are poorly known. To understand the significance of 

crab activity on mangrove communities, the behavioural ecology of Uea found in 

Darwin Harbour was investigated. The aims were to describe distributional patterns 

and to identify factors important to these patterns. 

An observational sampling method, developed for quantifying apparent abundance of 

Uea, was used at various spatial-e.g. creek, habitat, microhabitat-and temporal

e.g. year, season, tide-scales. Behaviour of different popUlations was observed. 

Results were used to develop hypotheses that were tested by examining physiological 

tolerances, morphology, changes in abundance at experimental treatments and 

survival in different habitats. 

Ueajlammula were active in lower forests, at wetter, cooler times. This species 

avoided buttress roots, often interacted with sesarmids and had inconspicuous 

behaviour. Uca elegans inhabited high, flat clearings, and apparent abundance 

increased during windy, less humid weather, provided the soil was wet. Uea elegans' 

foraging and social behaviours were correlated with crab density. Uea signata's 

habitats were more vegetated at higher elevations. Sesarmids inhabited lower forests 

and were associated with buttress roots. 

Shade, but not appearance or physical structure of vegetation, significantly affected 

crab counts. Uea signata, Ueajlammmuia and sesarmids invaded shaded treatments; 

Uca elegans avoided them. In enclosures, crabs survived longer in clearings than in 



forests, and U.flammula survived longer than U. elegans. Uca species differed in 

physiological tolerances, size-thereby strength-and speed. 

Physical factors were important in determining distributional patterns and 

interspecific competition may be significant. Risk of sesannid predation appeared to 

vary between Uca species and, because sesarmids generally inhabit forests, may 

influence Uca spatial distribution. Interactions with other crabs may significantly 

effect the behavioural ecology of Uca. 
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GENERAL INTRODUCTION 



GENERAL INTRODUCTION 

Mangrove communities are highly productive and serve as nursery areas for many 

marine species (Staples 1980; Rodriguez 1987; Robertson and Duke 1987; Hatcher et 

al. 1989; Robertson and Danie11989a; Robertson et al. 1991). In addition, they may 

stabilise sediments-thereby buffering against coastal erosion (Rodriguez 1987), and 

improving water quality (Tam and Wong 1995). Nevertheless, many processes 

within the mangrove ecosystem are poorly understood (Hatcher et al. 1989; 

Robertson 1987; Robertson and Daniel 1989a; Robertson et al. 1991). 

The Uca species that live high in the intertidal zone of the northwestern Australian 

mangrove forests are unique, as subjects of study, for several reasons. They belong to 

the little studied subgroup of the genus Uca known as the narrow fronts, which are 

supposed to prefer lower intertidal habitats (Crane 1957, 1975). Uca species have 

been rarely studied in Australian mangroves, especially in the Dampierian province 

(Hutchings and Recher 1983), which includes Darwin Harbour. The mangroves in 

this area are extensive with a high diversity of mangrove flora (Galloway 1982; 

Wightman 1989). Despite the importance of tropical mangrove communities 

(Hatcher et al. 1989), and the significant role that crabs appear to play in these 

communities (Smith et al. 1991), mangrove crabs are poorly known (Davie 1994). 

Mangrove crabs should be incorporated in future ecosystem models because of the 

significant influence they appear to have on ecological processes (Lee 1998). 

Knowledge of how crabs are distributed within mangrove habitats and the 

mechanisms underlying their distributions would help in our understanding ofthe 

effects of crabs on their communities (Bertness and Miller 1984). Therefore, the 



main aim of this study was to examine the biotic and abiotic factors that affect the 

behaviour and distribution of Uca species within the landward zone of the Darwin 

Harbour mangroves. Current knowledge on the behaviour and distribution of Uca 

will be briefly reviewed. 

The behavioural ecology of Uca 

Crane (1957, 1975) hypothesised that the evolutionary development of the genus 

Uca was reflected in the complexity of their social behaviour and degree of terrestrial 

adaptation. Members were loosely categorised into two groups depending on the 

distance between their eyestalks (Crane 1957, 1975): narrow or broad fronts. 

Members have been further subdivided into subgenera-Celuca and Minuca are 

broad fronts, and Borboruca, Thalassuca, Australuca, and Deltuca are narrow fronts 

(Crane 1975). Narrow fronts of the Indo-Pacific region were said to be primitive, 

with simple behaviour and living lower in the intertidal in flatter habitats. Broad 

fronts ofthe Americas (and the U. lactea group in the Indo-Pacific) were more 

advanced with complex behaviour, living higher in the intertidal, in complex 

habitats. According to this hypothesis, complex behaviour evolved because more 

time was available-at higher tidal levels-to indulge in social activities. While 

Crane's hypothesis (1957, 1975) could explain why species with complex, time

consuming social behaviour live where they do, it does not account for the 

evolutionary force(s) responsible for these developments (Christy and Salmon 1984). 

Increasing degrees of terrestrial adaptation imply increasing levels of independence 

from the aquatic environment (powers and Bliss 1983; HartnollI988). Physiological 

tolerance to dehydration may vary slightly between Uca species according to habitat 

and elevation (Edney 1961; Macintosh 1978; Rabalais and Cameron 1985). 

Chapter 1: General Introduction 2 



Nevertheless, regardless of intertidal position, most Uca are only active during 

periods oflow tide when the soil is wet (Crane 1941; Powers and Bliss 1983). Ghost 

crabs (genus Ocypode) live in the upper intertidal or supratidal (HartnollI988) and 

are better able to cope with desiccation than Uca (Wolcott 1988; Wolcott and 

O'Connor 1992). This genus is closely related to the ancestors of Uca (Levinton et al. 

1996; Sturmbauer et al. 1996). The evolutionary advancement of the genus Uca 

would thus appear to be in the opposite direction to that proposed by Crane (1975) i. 

e. crabs moved from supratidal to low intertidal habitats. 

Recently, much of the controversy surrounding the evolutionary history of Uca has 

been resolved with the application of molecular and phylogenetic analysis (Levinton 

et al. 1996). This indicates that the ancestral group resides in the American-Atlantic 

region, and that evolution occurred independently in the American and Indo-Pacific 

faunal regions (Levinton et al. 1996; Stunnbauer et al. 1996). The different groups of 

species in the Indo-Pacific region-the broad front Celuca subgenus and the other 

narrow fronted subgenera-also evolved independently from each other (Suzawa et 

al. 1993). 

Many primitive genera of ocypodids living in flat intertidal habitats have a complex 

social behaviour that employs visual signals (Hartno1l1968) e.g. Macrophthalmus, 

flyoplax, Scopimera (Wada 1983, 1991, 1993, 1994; Wada et al. 1994; Zucker 

1988), and Ocypode (Jones 1972; Schober and Christy 1993). Thus, some advanced 

features of the social behaviour of broad fronts were already present in Uca's 

ancestors (Levinton et al. 1996; Sturmbauer et al. 1996). Therefore, it is more likely 

that complex social behaviour, which is strongly dependent upon visual cues, 

developed as a function ofliving on intertidal mud/sand fiats that have a distinct 
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horizon (Christy and Salmon 1991, 1995; Levinton et al. 1996), rather than simply as 

a function of the duration of inundation (Crane 1975). 

Selection on social behaviour of crabs should occur because it is an adjustment to the 

environment (Seiple and Salmon 1982). Uca species within each frontal-width group 

are now known to occupy a range oftida! heights and levels of habitat complexity, 

and have varying complexities of social behaviour (Appendix C in Crane 1975; 

Hartnoll1975; Icely and Jones 1977; Zucker 1978; Frith and Brunenmeister 1980; 

George and Jones 1982; Salmon and Hyatt 1983; Nakasone et al. 1983; Salmon 

1984a, 1987; Murai et al. 1987, 1995, 1996; Christy 1987; Murai 1992; Hagen 

1993). Findings from these studies suggest that within the genus, the more visually 

complex the habitat, the less visual the social behaviour. Thus, an alternative 

hypothesis to explain interspecific differences in the social behaviour of Uca could 

be that the level of behavioural complexity is inversely related to the complexity of 

the habitat, regardless of tidal height. 

Uca behaviour is probably a function of local environmental conditions (Salmon and 

Zucker 1987; Salmon 1987; Koga et al. 1998). It is, therefore unsurprising that those 

species-e.g. some members of Deltuca-that moved into visually complex forests 

have had to adapt their social behaviour compared with broad fronts that live on tidal 

flats. Thus, rather than representing a primitive condition these species have had to 

evolve further than broad fronts-albeit with an apparent loss of visual signaling

thus completely reversing Crane's hypothesis. However, it is difficult to determine if 

this is a general trend because most studies on Uca-regardless of species-have 

been done on populations living on intertidal flats. Studies are needed that compare 

the social behaviour of Uca popUlations from different types of habitat. Without such 
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information appropriate conclusions cannot be drawn about the relationships among 

the different groups. 

Uca species in saltmarsh and mangrove communities 

A vast amount of information is available on the distribution, behaviour and ecology 

of American saltmarsh Uca species (Robertson et al. 1981; Robertson and Newell 

1982a, 1982b; Colby and Fonseca 1984; Hoffman et al. 1984; Bertness and Miller 

1984; Bertness 1985; Bildstein et al. 1989; Frix et al. 1991; Mouton and Felder 1995, 

1996; for earlier references see Montague 1980). Social behaviour has been well 

documented in species living on tropical intertidal mud/sand flats--described as 

mangrove habitats-in the Americas (Christy 1978, 1982a, 1982b, 1983, 1987; 

1988a, 1988b; Christy and Salmon 1984; Christy and Schober 1994; Zucker, 1974, 

1976, 1977, 1978, 1981, 1983, 1984, 1986; Zucker and Denny 1979). Few studies 

have however, examined mangrove species that live in vegetated areas of this region 

(Smith and Miller 1973; Salmon 1987). 

Our knowledge on the ecology of mangrove species living in the Indo-Pacific region 

is very limited (Macnae 1968; Sasekumar 1974; Macintosh 1978, 1979, 1984; Frith 

and Brunenmeister 1980; Chakraborty and Choudhury 1992a), although some 

behavioural studies have been done recently (Murai 1992; Murai et al. 1995, 1996; 

Koga et al. 1995; Goshima et al. 1996). There have, however, been very few studies 

on Uca in Northeastern Australia (Salmon 1984a; Dye and Lasiak 1986, 1987), or in 

the tropical North-west (Macnae 1966; George and Jones 1982, 1984; Hagen and 

Jones 1989; Hagen 1993; Nobbs and McGuinness 1998). Although some of these 

studies have been done in sparsely vegetated habitats (e.g. Murai et al. 1996), none 

have been undertaken in forest interiors. 
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Crabs and molluscs are the dominant macro-invertebrates in American saltmarsh 

habitats (Teal 1958; Odum and Smalley 1959; Wolf et al. 1975). Species of Uca are 

particularly abundant and can occur at densities of up to 260 m-2 (Aspey 1978). 

Sesarmids (subfamily Sesarminae: Grapsidae) are less abundant, comprising only 

17 % of all burrowing crabs in the marsh flat (Bertness and Miller 1984). 

In comparison with saltmarsh habitats, the abundance and biomass of crabs and 

molluscs is reduced in mangrove communities (Teal 1962; Golley et al. 1962; 

Macintosh 1984). Mangrove dwelling Uca species-in the Indo-Pacific region 

particularly (McIvor and Smith 1995)-are less abundant than are saltmarsh species 

(Tables 1.Ia-l.lc). Mangrove macro-fauna tends to be numerically dominated by 

sesarmids in the Indo-West Pacific and by Uca and snails in the Americas (Macnae 

1968; Smith et al. 1989, 1991; McIvor and Smith 1995}-{but see McKee 1995; 

Twilley et al. 1997). Furthermore, species diversity is high for Uca and low for 

sesarmids in tropical America, yet the converse is true in the Indo-Pacific (Crane 

1975; Davie 1982, 1994; Jones 1984; Abele 1992; Tan and Ng 1994). Both types of 

assemblage of mangrove macro-fauna may occur in the same locale depending on 

environmental factors in East Africa (Slim et al. 1997), and Northeastern Australia 

(Robertson and Daniel 1989b; Osborne and Smith 1990). 

In Florida's mangrove and saltmarsh habitats, nutrients are recycled by the 

consumption of decaying plant material (Odum and Heald 1975). The diet of Uca in 

these regions mainly consists of microbes that feed on the detritus of decomposing 

vascular plants and benthic algae (Montague 1980). Therefore Uca playa significant 

role in the turnover of nutrients and growth of plants, particularly in saltmarsh 

habitats, through their burrowing and deposit-feeding activities (Krebs and Valie1a 
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Table 1.1 Mean density of Uca species in different communities 

Estimates of the mean density per m2 of Uca in different habitats. 

a) American Saltmarsh 

Species Sub Density Size Range First Author 
genus (m-2) (mm) (and Year) 

pugnax Minuca 205 all Wolf (1975) 
pugnax Minuca 42 >1.0 Katz (1979) 
pugnax Minuca 148-260 all Aspey (1978) 
pugnax Minuca 4-61 >0.2 Teal (1958) 
pugnax Minuca 84 > 1.0 Ringold (1978) 
rapax Minuca 100-200 all Genoni (1985) 
longisignalis Minuca 26-182 all Mouton (1996) 
spinicarpa Celuca 29-46 all Mouton (1996) 
minax Minuca 32 >0.2 Teal (1958) 
minax Minuca 12 > 1.0 Ringold (1978) 
pugilator Celuca 43-52 > 0.2 Teal (1958) 

b) American Mangroves 

Species Density Size Region Habitat First Author 
Range (and Year) 

(m-2) (mm) 
Exposed Habitats 
musica (C) 20 all Panama Mud-sand flat Zucker (1978) 
latimanus (C) 10 all Panama Mud-sand flat Zucker (1978) 
beebei (C) 13 all Panama Mud-sand flat Zucker (1978) 
thayeri (B) 3-12 adults Florida Cleared forest Salmon (1987) 
pugilator (C) 120-200 all Florida Sandy substrates Christy (1984) 
beebei (C) 150 all Panama Mud-sand flat Christy (1984) 
Partially Shaded Habitats 
rapax (M) 16 Jamaica Landward fringe Warner (1969) 
Shaded Habitats 
mordax (M) 5 all Puerto Rico Forest Golley (1962) 
thayeri (B) 13 Jamaica Rhizophora forest Warner (1969) 
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c) Indo-Pacific Mangroves 

Species Density Size Region Habitat First Author 
Range (and Year) 

(m-2) (mm) 
Exposed Habitats 
vocans (T) 1 >3.5 Thailand Sand flat Frith (1980) 
lactea (C) 9 >3.5 Thailand Sand flat Frith (1980) 
dussumieri (D) 1 all India Exposed Chakraborty (1992a) 
acuta acuta (D) 1 all India Exposed Chakraborty (1992a) 
poUta (A) 15 all Australia Muddy-sand flat Hagen (1993) 
Partially Shaded Habitats 
triangularis (C) 63 adults Malaysia Sparse vegetation Sasekumar (1974) 
dussumieri (D) 4 adults Malaysia Mud bank Sasekumar (1974) 
lactea (C) 6 > 3.5 Thailand Landward fringe Frith (1980) 
urvillei (D) 3 >3.5 Thailand Shaded edge Frith (1980) 
lactea (C) 7 >3.5 Thailand Shaded edge Frith (1980) 
vocans (T) 2 >3.5 Thailand Shaded edge Frith (1980) 
rosea (D) 5 adults Malaysia Seaward bank Sasekumar (1974) 
Jorcipata (D) 4,6 adults Malaysia Stream edge Sasekumar (1974) 
dussumieri (D) 3,2 adults Malaysia Stream edge Sasekumar (1974) 
Shaded Habitats 
forcipata (D) 1 adults Malaysia Rhizophora forest Sasekumar (1974) 
triangularis (C) 9,9,8 adults Malaysia Mangrove interior Sasekumar (1974) 
rosea (D) 3,2,5 adults Malaysia Mangrove interior Sasekumar (1974) 
dussumieri (D) 4 adults Malaysia Mangrove interior Sasekumar (1974) 
forcipata (D) 1 >3.5 Thailand Forest Frith (1980) 
urvillei (D) 1 >3.5 Thailand Forest Frith (1980) 
acuta acuta (D) 6-15 all fudia Vegetated Charkraborty (1992a) 
triangularis (C) 3-9 all India Vegetated Charkraborty (1992a) 

Methods used to obtain estimates of population density are as follows: 

burrow counts: Katz 1979, Aspey 1978, Mouton and Felder 1996 
excavation: Wolf et al. 1975, Teal 1958, Ringold 1978, Frith and 

visual counts: 
combination: 

Bruenmeister 1980, Sasekumar 1974 
Zucker 1978, Golley et al. 1962, Hagen 1993 
Warner 1969, Salmon 1987, Chakraborty and Choudhury 1992a 

Subgenera abbreviated as follows: 
C Celuca 
B Borboruca 
M Minuca 
T Thalassuca 
D Deltuca 
A Australuca 
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1978; Montague 1980; Mendelssohn and Seneca 1980; Howes et al. 1981; Bertness 

1985). In contrast, sesannids may feed directly on leaves and seeds, which they carry 

into their burrows (Robertson 1986). In Australian mangrove forests, sesarmids have 

been described as occupying a "keystone position" (Smith et al. 1991 )-similar to 

that occupied by Uca in the saltmarsh-because oftheir feeding and burrowing 

activities-see review by Lee (1998). Unfortunately, surprisingly little is known of 

sesannid ecology or behaviour. 

Workers have stressed the importance of physical and chemical factors combined 

with physiological tolerances in determining distributions of Uca in saltmarsh (Teal 

1958; Miller 1961; Whiting and Moshiri 1974; Ringold 1978; Robertson and Newell 

1982a; Bertness and Miller 1984; Mouton and Felder 1996) and mangrove habitats 

(Edney 1961; Sasekumar 1974; Icely and Jones 1977; Macintosh 1977, 1978; Frith 

and Brunenmeister 1980; Chakraborty and Choudhury 1992a; Ewa-Oboho 1993). 

Biotic factors may also be important. Competitive interactions between Uca species 

could affect their distribution in saltmarsh (Teal 1958; Aspey 1971, 1978; Kerwin 

1971) and mangrove habitats (Frith and Brunenmeister 1980). Differential predation 

on males and females (Bildstein et al. 1989) may be responsible for lowered sex 

ratios in some Uca popUlations (Wolf et al. 1975; Lee and Kneib 1994). Swimming 

predatory crabs also feed on Uca (Cannicci et al. 1996). Aquatic predators may 

prevent crabs from colonising close to saltmarsh creek banks (Teal 1958), however 

their impact on the distribution of saltmarsh Uca has been underestimated until 

recently (Lee and Kneib 1994). Likewise, it has only recently been recognised that 

predators can have a significant effect on the social behaviour of Uca (Koga et al. 

1998). 
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George and Jones (1984) assumed that competition between mangrove crab species 

in Northwestern Australia had little or no effect on their distribution. This seems 

unlikely because sesannids and Uca are very similar in ecological tenns-they share 

similar habitats, some are diurnally active, and they live in burrows (Macnae 1968). 

Because mangrove plant material does not contain sufficient nitrogen for their needs, 

sesarmids may supplement their diet by deposit feeding and preying on small 

animals including Uca (Micheli 1993a). 

Aims of the present study 

The main aims of this study were to describe and explain distributional patterns of 

Uca species within the Darwin Harbour mangroves, mainly in the landward zone. 

For completeness, patterns were described on various spatial and temporal levels. 

The following spatial scales were considered: creek systems (e.g. Ludmilla Creek 

and the inner Harbour mangroves); habitat (e.g. tidal creek and tidal flat); and 

microhabitat (e.g. in the centre and edge of clearings and under the canopy). 

Temporal scales that were considered were both long-tenn (e.g. year and season) and 

short tenn (e.g. day and tidal cycle). 

The behaviour and abundance of Uca, and environmental variables, were sampled at 

various times and sites as described. Environmental variables that were recorded 

were chosen because they were important to the distribution of other Uca species, or 

because they appeared to be important to the distribution of Darwin Uca. Data were 

analysed in order to relate patterns in the abundance and activity of crabs to abiotic 

and biotic factors. 
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While laboratory studies and correlation in the natural habitat are useful (Teal, 1958; 

Ringold 1978; Frith and Brunenmeister 1980), the importance of factors can only be 

adequately assessed by manipulative experimentation in the field (Bertness and 

Miller 1984; Nomann and Pennings 1998). Therefore, some factors were examined 

using experimental (manipulative) studies. The morphology and physiology of 

different Uca species were examined because interspecific differences in these 

characteristics may influence the role of significant factors on distributional patterns. 
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GENERAL METHODS AND STUDY SITES 

Introduction 

Fiddler crabs (Uca spp.) are among the most abundant animals in tropical mangrove 

forests (Jones 1984; Davie 1994). The species found in Darwin Harbour are small 

crabs (up to 3.5 cm carapace width) which usually live singly in burrows at a density 

of up to 15 per m2 (pers. obs.). They emerge at low tide to feed on the soil close to 

the burrow entrance and frequently visit the burrow, presumably as a refuge from 

environmental stress (Montague 1980). While there are numerous studies of species 

in North America (e.g. Teal 1958; Kerwin 1971; Wolf et at. 1975; Ringold 1978; 

Bertness and Miller 1984; Cammen et al. 1984), and in south-east Asia (e.g. Frith 

and Brunenmeister 1980; Chakraborty and Choudhury 1992a), species in Australia 

have been largely ignored (but see Salmon 1984a; Ragen and Jones 1989; Ragen 

1993). This may be due, in part, to the difficulties involved in estimating the 

abundance of burrowing mangrove species (Warren 1990a). 

Several methods have been used to estimate the true abundance of crabs inhabiting 

soft soils, but few of these are suitable for use in tropical mangroves. Some workers 

have excavated burrows (Frith and Brunenmeister 1980; Colby and Fonseca 1984; 

Cammen et al. 1984; Chakraborty and Choudhury 1992a) but this would cause 

unacceptable disturbance to the habitat, even if it were practical. Mark-recapture 

(Rocket and Kritzler 1972) and removal sampling (Wolf et al. 1975) methods have 

given good estimates in those situations where the behaviour of the subj ects is 

appropriate. The former method requires random mixing of the marked individuals 

into the population which occurs in droving species, and the latter requires quick and 



efficient capture of subjects without disturbing the habitat. Danvin Harbour species 

do not form droves and are not easily captured. 

Faced with these difficulties, most workers have attempted to estimate only the 

number of crabs active on the surface. This apparent abundance is likely to 

underestimate true abundance, as some crabs may not emerge because of abiotic 

(Crane 1975; Powers and Cole 1976; Nakasone 1982) or biotic (Crane 1958; Christy 

1978; Krebs and Valiela 1978; Goshima and Murai 1988) factors. Two methods that 

have been used to estimate the number of crabs active on the surface are pitfall traps 

(Salmon and Hyatt 1983) and video recordings (Colby and Fonseca 1984). 

Australian Uca, however, rarely fall into traps (unpubl. data) and video recording is 

impractical for large-scale sampling programs. Some workers have counted burrows 

(e.g. leelyand Jones 1977; McGuinness 1997a) to estimate abundance but these 

estimates can be unreliable (Spivak et at. 1991). 

Visual counts of the numbers of crabs active on the surface have been used in several 

studies (Golley et at. 1962; Nakasone 1982; Zucker 1983; Hagen 1993) but a variety 

of protocols have been used. For instance, observation times vary, although workers 

have typically used periods of20 min or less (e.g. Warren 1990a; Hagen 1993). Most 

workers have made continuous records of all crabs during the observation period but 

some took only quick scans (e.g. Zucker 1983). Little attention has been given to 

how such differences might affect results and to the extent to which they confound 

comparisons among species or habitats. Frix et at. (1991), for example, found that re

emergence times varied significantly between U. pugilator (Bosc) and U. pugnax 

(Smith). Peterson and Black (1994) recently emphasised the importance of 

investigating these method-species and method-habitat interactions. 
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This study aimed to detennine the influence of some aspects of visual sampling 

protocols on counts of several species of Uca in different habitats. It had six specific 

objectives. 

1. Examine the relationship between numbers of active crabs and open burrows. 

2. Test if the physical structure of the quadrat affected counts of active crabs of 

different species and at different sites. Some Uca respond to certain shapes 

(Hermkind 1968; Langdon and Herrnkind 1985; Cameron and Forward 1993) 

and casual observations suggested that some might avoid conspicuous 

quadrats. 

3. Test whether the distance of the quadrat from the observer affected counts of 

different species and at different sites. Casual observations suggested that 

some species might be slow to emerge if the observer was close. 

4. Test whether the size ofthe quadrat affected either the mean or standard error 

of counts of different species and at different sites. Smaller quadrats are easier 

to count but might give less reliable results. 

5. Test whether observation period differentially affected counts of different 

species, between the sexes and at different sites. Wilson (1989) found that the 

mean re-emergence time of four species of mangrove crabs of Florida Bay 

was 10 min in summer but longer (22 min) in winter (when temperatures fall 

to 20-21°C during the day). 

6. Test whether continuous observations and quick scans gave similar results for 

different species and at different sites. Results might vary according to 
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observational technique because Uca make frequent visits to their burrows 

and move short distances from their burrows to feed, taking them out of or 

into the quadrat. Quick scans might save time but not be as precise as the 

continuous observation method. 

Methods 

Study sites 

General study sites 

Study sites were selected within Darwin Harbour, Australia (Fig. 2.1). Tides are 

semi-diurnal with a spring tidal range of up to 8 m. All of the study sites were within 

the upper intertidal zone of the mangrove forests of Ludmilla Creek or of inner 

Darwin Harbour (see McGuinness 1994, 1997a, 1997b for general descriptions). 

These sites were classified according to the type of soil, and were numbered as 

follows: 

a) Creek bank-muddy soil close to tidal creek banks, usually with numerous 

sediment mounds, Ludmilla (1-6), inner Harbour (1-5) 

b) Muddy site-muddy, flat soil, Ludmilla (1-7), inner Harbour (1-5). 

c) Loamy site-loamy, flat soil, Ludmilla (1-5), inner Harbour (1-5). 

d) Sandy site-sandy, flat soil, Ludmilla (1) 

Areas cleared of trees or with less dense canopy cover (i.e. clearings) were chosen at 

each soil type. Large distinctive clearings were found at the muddy, loamy and sandy 

sites. The clearings at creek bank sites tended to be much smaller, and their exact 
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Fig. 2.1 

Map showing the location of two regions where faunal sampling took place within 

the mangroves of Darwin Harbour-Ludmilla Creek and the area of the Inner 

Harbour, including Charles Darwin National Park. The inset shows Darwin, 

Australia. 
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locations more arbitrary than for the other sites. Three different microhabitats were 

found at each site: the forest, the edge and centre of the clearing. These will be 

referred to as forest, edge and clearing microhabitats. All sites had only small 

amounts ofleaflitter on the soil surface. Forest microhabitats were at least 3 minto 

the forest from the forest edge. 

Sites used in this chapter 

In this chapter, crabs were examined at sites situated within Ludmilla Creek. The 

main areas studied were the clearings of the following sites: creek bank 2; muddy 

site 1; and sandy site 1. The clearing of creek bank 2 was 7.5 m x 12.5 m and 6.36 m 

above sea level. Its surface was uneven, due to the presence of numerous mounds of 

soil, and it was adjacent to a dense zone of tall Ceriops tagal var australis C. Vlhite. 

Ucaflammula (Crane) and U signata (Hess) dominated at this site. The clearing of 

muddy site 1 was a saltpan 23.0 m x 40.0 m and 6.68 m above sea leveL Uca elegans 

(George and Jones) was the dominant species in the centre of the clearing. Uca 

flammula and U signata occurred towards the edges of the clearing where, in places, 

mangroves were colonising and the soil was uneven. The clearing of sandy site 1 was 

30.0 m x 35.0 m, 6.14 m above sea level and close to the creek mouth. The soil was 

flat and inhabited by U. elegans and U. mjoebergi (Rathbun). Without the aid of 

binoculars, an experienced observer could identify crabs> 5 mm carapace width, up 

to 4 m away to species by their size, shape and colour. Crabs that had a carapace 

width> 5 mm could be identified to sex (Vemberg and Costlow 1966; pers. obs.). In 

the present thesis, crabs < 5mm carapace width were not counted when measuring 

apparent abundance. 
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The clearings at four additional sites were used for the distance experiment. These 

were as follows: creek bank 1 (9.0 m x 22.5 m, 6.30 m above sea-level); muddy sites 

6 and 7 (15.5 m x 56.5 m, 6.68 m above sea-level, and 10.5 m x 17.0 m, 6.60 m 

above sea-level); and loamy site 2 (72.5 m x 79.0 m, 6.92 m above sea-level). 

All three microhabitats of sites I and 2 of creek banks, muddy and loamy sites were 

used in the burrow counts experiment. 

Burrow counts as estimates of crab abundance 

Sites 1 and 2 of each site type were sampled during March-April 1997. Three 

microhabitats were sampled at each site: clearing; edge; and forest. Three randomly 

placed 0.56 m2 quadrats were continuously observed for ten min and the number of 

Uca emerging from burrows within each quadrat was recorded. The number of 

burrow apertures within each quadrat was subsequently recorded. 

Crab counts were analysed by a three-factor analysis of co-variance (ANCOV A), 

with burrow counts as the covariate. The factors were as follows: Site type [3 levels: 

creek bank, muddy site and loamy site]; Site number [2 levels, nested in Site type]; 

and Microhabitat [3 levels: clearing, edge and forest]. Cochran's test was not 

significant (P > 0.05). 

Quadrat design 

Six 0.25 m2 plots, marked with thin wooden stakes, were haphazardly placed in each 

ofthe clearings of the three main sites. Each plot was first sampled with a quadrat 

made ofthick black plastic tubing (14 rnm diameter), then with a second of thin wire 

(3 mrn diameter), and finally with a third of fishing line (strung around the stakes). 

The three designs were used at each plot so that the behaviour of the same 
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individuals could be compared and to minimise variation in results due to the uneven 

distribution of crabs. For ease of sampling, the order that the quadrats were tested 

remained constant, although it is possible that this could have affected crab counts. 

Plots were observed for 10 min after the quadrat was placed and the number of crabs 

emerging from burrows within the quadrat was recorded. At least 30 min elapsed 

between repeated observations ofthe same plot to give the crabs time to recover. 

Observations were made on 17-19 May 1996. 

The data were analysed using a two-factor repeated measure analysis of variance 

(ANOVA). The factors were as follows: Species at site [5 levels: U eZegans at 

muddy site 1 and sandy site 1, U mjoebergi at sandy site 1, and U jlammuZa and U 

signata at creek bank 2]; and Quadrat design [3, repeated measure]. Cochran's test 

was not significant (P > 0.05) after data were square root transformed. Tukey's 

(HSD) tests (a = 0.05) were used to compare means of crab counts after the 

ANOVA. 

Distance of observer 

Each species was sampled at two sites: U jlammula at the clearings of creek banks 1 

and 2; U elegans at the clearings ofloamy site 2 and muddy site 1; and U signata at 

the edges of muddy sites 6 and 7. At each ofthe six different microhabitats, three 

0.56 m2 wire quadrats were haphazardly placed at 2 m, 4 m and 6.5 m from the 

observer, giving a total of nine quadrats per site. As far as possible all quadrats were 

positioned parallel to the forest edge. After 10 min, all nine quadrats were scanned 

and the number of Uca in each recorded. Observations were made on 7 June 1997. 

The numbers of crabs of each species were analysed by separate two-factor 

ANOVAs with the following factors: Site [2 levels]; and Distance [3 levels]. 
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Cochran's test was not significant (p > 0.05). Tukey's (HSD) tests (a = 0.05) were 

used to compare means at the three distances for each combination of site and 

specIes. 

Size of quadrat 

At the clearings of the main sites, four different sizes of wire quadrat, 0.12 m2
, 

0.25 m2
, 0.56 m2 and 1.00 m2

, were compared. At each site, the four quadrats were 

simultaneously observed for 15 min. The species, sex and time of appearance of each 

crab that emerged from a burrow within the quadrat were recorded. This procedure 

was repeated six times at each site. Observations were made on 17-19 July 1996. 

The results for each of the four sizes of quadrat were converted to numbers per m2 

and analysed by a two-factor repeated measure ANOV A. The factors were as 

follows: Species at site [4 levels: U elegans at muddy site 1 and sandy site 1, U 

jlammula at creek bank 2, and U mjoebergi at sandy site 1]; and Quadrat size [4, 

repeated measure]. Cochran's test was not significant (P > 0.05). 

Recovery times 

At the clearings of the main sites, six haphazardly placed 0.25 m2 wire quadrats were 

observed for 30 min. The species, sex and time of appearance of each crab that 

emerged from a burrow within the quadrat were recorded. Observations were made 

on 22-23 May and 2 June 1996. 

The number of crabs observed during the first 10 min was expressed as a percentage 

ofthe total number of crabs that emerged during the 30-min observation period. 

These data were analysed by a two-factor ANOVA with the following factors: 

Species at site [4 levels: U elegans at muddy site 1 and sandy site 1, U flammula at 
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creek bank 2, and U mjoebergi at sandy site 1]; and Sex. Cochran's test was not 

significant (p> 0.05) after data were transformed by arcsine ...J(XllOO). 

During the 30-min observation period no crabs emerged after the first IS-min. The 

number of crabs that emerged from burrows after 10 min was expressed as a 

percentage of all crabs that had emerged after 15 min. Data from this and the 

previous experiment were analysed by a two-factor ANOVA with the following 

factors: Habitat [3 levels: clearings of creek bank 2, sandy site 1 and muddy site 1]; 

and Month [2 levels: May/June and July]. Cochran's test was not significant (P > 

0.05) after data were transformed by arcsine ...J(XllOO). 

Data from these two experiments were also used to compare the apparent abundance 

of Uca between May/June and July. Counts of crabs after 10 min were analysed by a 

three-factor ANOV A with the following factors: Species at site [4 levels: U 

flammula at creek bank 2, U elegans at muddy site 1, U elegans at sandy site 1, and 

U mjoebergi at sandy site 1]; Month; and Sex. Cochran's test was not significant (P 

> 0.05). 

Observational sampling technique 

The previous experiments testing quadrat design, size of quadrat and recovery times 

used continuous observation as a method of sampling and the distance of observer 

experiment used instantaneous scans. In order to compare these observational 

techniques three 0.56 m2 plots were haphazardly placed at the clearing of each site 

and at the edge of muddy site 1. For 10 min, all crabs that emerged from burrows 

within the quadrat were counted (continuous observation). Crabs that went up and 

down a burrow several times were not recounted and those that entered the quadrat 
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from outside were not counted at all. At the end of this period, the number present, 

regardless of method of entry, was recorded (instantaneous scan sampling). 

Data were analysed by a two-factor repeated measure ANOVA with the following 

factors: Species at habitat [6 levels: U elegans at the clearing and edge of muddy site 

1, U. signata at the edge of muddy site 1, U elegans at the clearing of sandy site 1, 

U signata and U jlammula at the clearing of creek bank 2]; and Sampling method 

[2, repeated measure]. Cochran's test was not significant (P > 0.05). 

The ratio of the number of crabs seen by scanning to those seen by continuous 

observation was compared among habitats by a one-factor ANOVA [4 levels: 

clearing of sandy site 1, clearing of creek bank 2, clearing and edge of muddy site 1]. 

Cochran's test was not significant (p > 0.05) after data were transformed by arcsine 

...J(X/I00). 

Results 

For all tables in the present thesis, significance is indicated thus: * = p < 0.05; ** = P 

< 0.01; *** = p < 0.001. No asterisks are shown where results are not significant. 

Burrow counts as estimates of crab abundance 

Counts of crabs and burrows were significantly correlated (Fig. 2.2; combined r = 

0.28, P < 0.05). However, only 0.08 % ofthe variation in the number of crabs could 

be explained by regressing the number of crabs on the number of burrows (t = 0.08). 

Furthermore, at a given density of burrows the number of crabs varied between site 

types and microhabitats (Table 2.1). 
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Fig. 2.2 

Regression of visual counts on burrow counts at the (A) creek banks, (B), muddy and 

(C) loamy sites. Each point represents data on one 0.56 m2 quadrat. Microhabitats are 

represented thus: circles = clearing; triangles = edge; and squares = forest. 
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Table 2.1 Analysis of co-variance of burrow and crab counts 

The table shows the results of analyses of counts of crabs and burrows. Crab counts 
were analysed by a 3F ANCOV A, with burrow counts as the covariate. The factors 
were as follows: Site type [3 levels: creek bank, muddy and loamy site]; Site number 
[2 levels, nested in Site type]; and Microhabitat [3 levels: clearing, edge and forest]. 
Cochran's test was not significant (P > 0.05). 

Factor df MS F 
Site Type 2 82.37 11.51*** 
Site No. 3 14.74 2.06 
Microhabitat 2 123.47 17.25*** 
Site Type x Microhabitat 4 0.59 0.08 
Site No. x Microhabitat 6 9.04 1.26 
Residual 34 7.16 



Quadrat design 

Fewer U. elegans were counted at the muddy site in the black plastic quadrat than in 

the other designs, but quadrat design had no effect on the apparent abundance of U. 

elegans at the sandy clearing, or on the other species (Table 2.2; Fig. 2.3). 

Distance of observer 

Fewer U. elegans were counted 2 m from the observer than at greater distances in the 

loamy site. Distance had no effect on counts of U. elegans at the muddy site, or on 

the other species (Tables 2.3a-2.3b). 

Size of Quadrat 

When adjusted for area, quadrat size had no effect on apparent abundance (Table 

2.4a). The standard error decreased with increasing quadrat size for all sites (Table 

2.4b). 

Recovery times 

Over 90 % of the crabs emerged in the first 10-min of the observation period (Fig. 

2.4). Species, site and sex had no significant effect on the percentage of crabs that 

emerged during the first 10 min (Table 2.5a). There were also no significant 

differences between habitats, or over time (between May/June and July), in the 

percentage of crabs emerging during the first 10 min (Table 2.5b). 
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Table 2.2 Effect of quadrat design on apparent abundance of Uca 

The table shows the results of analyses of apparent abundance of Uca to detennine 
the effect of quadrat design. Counts of each species at each site were analysed by a 
2F repeated measure ANOVA with the following factors: Species at site [5 levels: U. 
elegans at the muddy and sandy sites, U mjoebergi at the sandy site, and U 
jlammula and U signata at the creek bank]; and Quadrat design [3 levels, repeated 
measure: thick, thin, fishing line]. Cochran's test was not significant (p > 0.05) for 
square root transformed data. 

Factor 
Species at Site 
Quadrat design 
Species x Quadrat 

df MS 
4 8.08 
2 0.77 
8 0.13 

F 
5.81 ** 

16.81 *** 
2.76* 

Results ofTukey's (HSD) test on crab counts 
U. mjoebergi at the sandy site thick = 
U. elegans at the sandy site thick = 
U. elegans at the muddy site thick < 
U. flammula at the creek bank thick = 
U. signata at the creek bank thick = 
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Fig. 2.3 

The effect of quadrat design on the apparent abundance of Uca. Each bar represents 

the mean of the counts from six 0.25 m2 quadrats; the error bars give + 1 SE. Quadrat 

designs are represented thus: striped bars = wire; open bars = fishing line; and filled 

bars = thick black plastic tubing. 
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Table 2.3 Effect of distance of observer on apparent abundance of 
Uca 

a) Apparent abundance of Uca when recorded from different distances 

The table shows the effect of distance of observer on apparent abundance of Uca (n = 
three 0.56 m2 quadrats at each distance). Tukey's (HSD) tests compare the means 
and three distances for each combination of site and species. Underline used to 
denote equal means. 

U.flammula U. elegans U. signata 
2m 4m 6.5m 2m 4m 6.5m 2m 4m 6.5m 

Site A Creek Bank 1 Loamy Site 2 Muddy Site 6 
Mean 2.33 2.33 2.67 1.33 9.00 8.00 11.67 13.00 9.67 
SE 0.33 0.88 0.88 0.67 1.00 1.00 0.67 2.52 1.76 

SiteB Creek Bank 2 Muddy Site 1 Muddy Site 7 
Mean 2.33 2.00 2.00 4.33 5.67 5.00 14.33 11.00 12.67 
SE 0.33 0.58 0.58 0.33 1.67 1.15 0.88 1.15 0.33 

b) Analyses of crab counts 

The table shows the results of analyses of apparent abundance of Uca to detennine 
the effect of distance of observer. Counts of each species were analysed by separate 
2F ANOVAs. The factors were as follows: Site [2 levels]; and Distance [3 levels: 
2m, 4m and 6.5m]. Cochran's test was not significant (p > 0.05). 

U.flammula U. signata U. elegans 
Factor df MS F MS F MS F 
Site I 0.50 0.41 6.72 1.11 5.56 1.67 
Distance 2 0.06 0.05 5.06 0.83 34.39 10.32** 
Site x Distance 2 0.17 0.14 11.72 1.94 19.06 5.72* 
Residual 12 1.22 6.06 3.33 
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Table 2.4 Effect of quadrat size on apparent abundance of Uca 

a) Analysis of crab counts 

The table shows the results of analysis of apparent abundance of Uca to detennine 
the effect of quadrat size. Counts of each species at each site were converted to 
numbers per m2 and analysed by a 2F repeated measure ANOV A. The factors were 
as follows: Species at site [4 levels: U. elegans at the muddy and sandy sites, U. 
mjoebergi at the sandy site, and U.flammula at the creek bank]; and Quadrat size [4 
levels, repeated measure: 0.12m2, 0.25m2, 0.56m2, and 1.00m2

]. Cochran's test was 
not significant (P > 0.05). 

Factor df MS F 
Species at Site 3 120.16 2.17 
Quadrat Size 3 1.97 0.13 
Species x Quadrat Size 9 22.55 1.48 

b) Crab counts per m2 

The table shows the effect of quadrat size on the apparent abundance of different 
Uca populations. Counts are expressed per m2 (n = six quadrats of each size). 

Quadrat 
Size (m2

) 

0.12 
0.25 
0.56 
1.00 

flammula 
Mean SE 

8.00 2.07 
9.33 2.46 
9.67 1.58 
9.67 0.67 
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Uca Species 
elegans eZegans 

Mean SE Mean SE 
9.33 2.46 9.52 2.51 

10.67 1.69 8.00 2.07 
15.00 1.13 6.22 1.36 
13.83 0.79 6.33 0.88 

mjoebergi 
Mean SE 

8.16 3.65 
8.67 3.49 
6.81 1.61 
6.00 1.44 



Fig. 2.4 

The cumulative percentage of crabs emerging from burrows following a disturbance. 

Each point represents the sum of counts of six 0.25 m2 quadrats and gives the 

percentage of the total number of crabs that would emerge in those six quadrats 

during a 30-min period. Percentages were calculated for each one-min interval 

during the 30-min observation period. Populations are represented thus: 

squares = Uflammula at the clearing of the creek bank 

circles with dotted line = U. elegans at the clearing of the muddy site 

circles with straight line = U. elegans at the clearing of the sandy site 

triangles = U mjoebergi at the clearing of the sandy site 
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Table 2.5 Recovery of Uca 

a) Effect of species and sex 

The table shows the results of analysis of the number of crabs observed during the 
fIrst 10 min expressed as a percentage of the total number of crabs that emerged 
during the 30-min observation period. Data were analysed by a 2F ANOV A with the 
following factors: Species at site [4 levels: U. elegans at the muddy and sandy sites, 
U. mjoebergi at the sandy site, and U.jlammula at the creek bank]; and Sex [repeated 
measure]. Cochran's test was not signifIcant (p > 0.05) for arcsine transformed data. 

Factor df MS F 
Species at Site 3 0.01 OAO 
Sex 1 0.01 2.00 
Species at Site x Sex 3 0.00 0.67 

b) Effect of habitat and time of year 

The table shows the results of analysis ofthe number of crabs observed during the 
fIrst 10 min expressed as a percentage ofthe total number of crabs that emerged 
during the IS-min observation period. Data were analysed by a 2F ANOVA with the 
following factors: Habitat [3 levels: creek bank, muddy and sandy sites]; and Month 
[2 levels: May/June and July]. Cochran's test was not signifIcant (P > 0.05) for 
arcsine transformed data. 

Factor df MS F 
Habitat 2 0.01 0.22 
Month 1 0.00 0.08 
Habitat x Month 2 0.02 0.81 
Residual 30 0.03 
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Observational sampling technique 

Fewer crabs were seen with the instantaneous scan method (Tables 2.6a-2.6b), but 

the percentage of crabs not counted using this method did not differ significantly 

between the species (Table 2.6c). There was a good linear relationship between the 

numbers of crabs recorded with the two methods (r = 0.94, Fig. 2.5). 

Changes over time 

Fewer U elegans were seen in the sandy site than in the muddy site (Table 2.7). 

Fewer crabs were also counted in July compared to May/June at all sites. The 

number of male crabs was greater during May/June but the number of female crabs 

did not differ. 
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Table 2.6 Effect of observational sampling technique on apparent 
abundance of Uca 

a) Counts of Uca per 0.56m2 

The table shows counts of Uca per 0.56 m 2 (n = 3) using different observational 
sampling techniques: continuous or scan sampling. These counts are expressed as a 
percentage ((scan/continuous) x 100). 

Uca Species Mean Crab Counts (0.56 m-2) Percentage 
And Habitat Continuous Scan Mean SE 
elegans 

Muddy Site Clearing 8.00 7.67 92.71 8.22 
Muddy Site Edge 2.67 1.67 38.89 20.03 
Sandy Site Clearing 4.33 3.33 108.57 47.58 

jlammula 
Creek Bank Clearing 8.33 7.33 89.68 5.20 

signata 
Muddy Site Edge 4.33 3.33 68.06 10.85 
Creek Bank Clearing 4.00 2.67 51.85 28.93 

b) Analysis of Uca counts 

The table shows the results of analysis of crab counts to determine the effect of 
sampling technique. Data were analysed by a 2F repeated measure ANOV A with the 
following factors: Species at habitat [6 levels: U elegans at the clearing and edge of 
the muddy site, U signata at edge ofthe muddy site, U elegans at the clearing ofthe 
sandy site, and U flammula and U signata at the clearing ofthe creek bank]; and 
Sampling method [2 levels, repeated measure: scan and continuous]. Cochran's test 
was not significant (P > 0.05). 

Factor df MS F 
Species at Habitat 5 32.23 1.98 
Sampling Method 1 8.03 7.61 * 
Species x Method 5 0.16 0.15 

c) Analysis of percentage Uca seen by scanning 

The table shows the results of analysis of the percentage of crabs seen by scanning 
compared to those seen by continuous observation ((scan/continuous) x 100). 
Percentages were analysed by a 1 F ANOV A with the factor Habitat [4 levels: 
clearing and edge of muddy site, clearing of sandy site and clearing of creek bank]. 
Cochran's test was not significant (P > 0.05) for arcsine transfonned data. 

Factor 
Habitat 
Residual 
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Fig. 2.5 

The relationship between the number of crabs recorded by scanning and continuous 

observation. Each point represents the counts from one 0.56 m
2 

quadrat. Populations 

are represented thus: 

open circles = U elegans at the clearing of the muddy site 

crosses = U elegans at the edge of the muddy site 

fined circles = U elegans at the clearing of the sandy site 

open squares = Uflammula at the clearing of the creek bank 

open diamonds = U signata at the edge of the muddy site 

filled diamonds = U signata at the clearing of the creek bank 
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Table 2.7 Effect of time on apparent abundance of Uca 

The table shows the results of analysis of the number of crabs emerging within the 
first 10 min in six 0.25 m2 quadrats between May/June and July. Data retrieved from 
the quadrat size and recovery time experiments and analysed by a 3F ANOV A. The 
factors were as follows: Species at site [4 levels: U. jlammula at the creek bank, U. 
elegans at the muddy site and sandy site, and U. mjoebergi at the sandy site]; Time 
[2 levels: May/June and July]; and Sex. Cochran's test was not significant (P > 0.05). 

Factor df MS F 
Species at Site 3 3.79 3.25* 
Time 1 25.01 21.48*** 
Sex 1 11.34 9.74** 
Species x Time 3 1.70 1.46 
Species x Sex 3 0.48 0041 
Time x Sex 1 5.51 4.73 
Species x Time x Sex 3 0.59 0.51 
Residual 80 1.16 
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Discussion 

A visual count of the individuals active on the surface was the only practical and 

reliable method of estimating the apparent abundance of crabs in these mangrove 

forests in large-scale studies. The present experiments reveal that although some 

aspects of the sampling protocol-such as quadrat size, recovery time or counting 

method-did not interact with either species or habitat, other aspects should be 

carefully considered when designing studies employing this method. 

Counts of U elegans were reduced at some sites when the observer used a 

conspicuous quadrat or was close to it. These effects were observed at those habitats 

with rather flat terrain, no vegetation and a prominent horizon. Land and Layne 

(1995) suggested that U pugilator inhabiting flat beaches used the horizon to 

distinguish friend or foe: predators appear above the crab's horizon and conspecifics 

below it. The conspicuous quadrat and close observer were apparently regarded as 

threatening and avoided at sites where the horizon was prominent. 

The absence of these effects at the other species-site combinations has two 

significant implications. First, it indicates that all three designs of quadrat, and the 

observer at all distances, were regarded as equally threatening. Although it is quite 

likely that these other species were unaffected by all ofthe quadrats, because the 

fishing line was inconspicuous, it is possible that they reacted to the observer even at 

the furthest distance tested here. It would be interesting to test this point but the 

results might be oflittle practical significance because identifying individuals at the 

longer distances becomes much harder. Second, it emphasises the importance of 
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evaluating methods in different situations. As Peterson and Black (1994) discuss, 

workers cannot assume that artefacts or biases will be similar in different habitats. 

The results allow us to decide on the most appropriate method to use. First, an 

observation period of 10 min appears to be a good compromise, being long enough to 

provide reasonable accuracy, while allowing several replicates to be made. Second, 

although larger quadrats give less variable results, the 0.56 m2 quadrat is more 

practical because it is easier to track individuals: those that go up and down their 

burrows and those that enter the quadrat from outside can be recognised. Third, the 

instantaneous scan method may be useful in some studies, because many replicates 

can be collected quickly (observation time for scans: 15 min for six replicates), but it 

recorded, on average, only 75% of the individuals seen by continuous observations. 

Continuous observation may be costly in terms of time (observation time: I h for six 

replicates), but is more accurate in terms of numbers of crabs and for recording 

specific habitat differences, because crabs that burrow elsewhere but wander into the 

quadrat are not counted. 

With this protocol, we were able to document spatial and temporal patterns in the 

apparent abundance of Uca in the mangrove forests at Ludmilla Creek. Species 

exhibited clear differences in abundance among sites and habitats (species at site was 

significant, P < 0.01, for quadrat design experiment), and there were changes in 

abundance between May/June (transitional period between wet and dry seasons) and 

July (dry season) (P < 0.001). These results are only preliminary but indicate that 

more detailed and longer-term studies will increase our understanding of behavioural 

ecology ofthese abundant animals. Patterns in the abundance and activity of Uca 

may be related to environmental factors as already discussed. Close monitoring of 
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these factors would enable hypotheses about such patterns to be developed and tt: 

in further studies. Such studies could also test whether the regional differences 

documented for some aspects of the ecology of mangrove communities (Smith et 

1989; Robertson 1991; McGuinness 1997a) also influence Uca. 
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SPATIAL PATTERNS IN UCA DISTRIBUTION 

Introduction 

General descriptions of observations on Uca distribution are found in works on 

mangrove fauna from other regions (Macnae 1968; Warner, 1969; Sasekumar 1974), 

with limited information from Australia (Macnae 1966; George and Jones 1982, 

1984). Other studies have attempted to describe Uca distributional patterns in terms 

of environmental factors in saltmarsh habitats of Northwest America (Teal 1958, 

1959; Miller 1961; Kerwin 1971; Whiting and Moshiri 1974; Ringold 1978; Bertness 

and Miller 1984) and in the Gulf of Mexico (Thurman 1984, 1987; Mouton and 

Felder 1996). However, there are only a few comparable studies on mangrove 

species in Malaysia (Macintosh 1977, 1978), India (Chakraborty and Choudhury 

1992a), Mozambique (Edney 1961), Thailand (Frith and Brunenmeister 1980) and 

East Africa (Icely and Jones 1977). 

The present study aims to describe the spatial distribution of some Uca species 

within Darwin Harbour, in terms of environmental factors. Time constraints did not 

allow the whole of Darwin Harbour to be sampled, or all possible factors to be taken 

into consideration. Therefore, decisions were made on the most appropriate way to 

sample the area, and the factors that were measured. Decisions were based on 

findings of other studies and personal observations. 



Tidal elevation is particularly important to the distribution of other Uca species, and 

can cause zonation patterns (Smith and Miller 1973; Icely and Jones 1977; 

Macintosh 1978; Frith and Brunenmeister 1980; Bertness and Miller 1984; Mouton 

and Felder 1996). Such patterns probably result from the effect that intertidal 

position has on other factors such as particle substrate type or grain size, and salinity 

(Semeniuk 1985a, 1985b). 

Soil particle size affects distributions of some Uca species (Teal 1958; Kerwin 1971; 

Icely and Jones 1977; Frith and Brunenmeister 1980; Chakraborty and Choudhury 

1992a; Mouton and Felder 1996), because they are morphologically specialised for 

handling certain size particles of substrate and food (Crane 1941, 1975; Macnae 

1968; Maitland 1990a). 

Personal observations suggested that the species to be examined inhabit the upper 

intertidal zone, and that their specific distributions within that zone appeared to 

depend upon soil type and tidal elevation. These findings agree with the observations 

from other workers. Uca elegans is found at higher elevations on fine silts and sandy 

loam (George and Jones 1982, 1984) and U. signata at intermediate elevations on 

sandy loam or sandy mud substrates (Macnae 1966; George and Jones 1982). Uca 

jlammula is found at lower elevations on muddy substrates (George and Jones 1982). 

While some studies have shown that osmoregulatory ability of Uca species may 

affect their distribution along a salinity gradient (Teal 1958; Miller 1961; Crane 

1975; Montague 1980), this may not always be the case (Kerwin 1971; Rabalais and 

Cameron 1985). Colonisation of mangroves by invertebrates may be limited by their 

ability to tolerate salinity fluctuations (Hanley 1985; Ferraris et al. 1994), rather than 

their response to a specific salinity range (Davenport 1982). Within mangroves, 
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fluctuations in salinity are large (Berry 1972), particularly in the Ceriops zone 

(Hanley 1985), yet differences in fluctuations between areas within this zone are 

likely to be less significant. Furthermore, salinity is not so important to those crabs 

that limit its effect by behavioural means (Barnes 1997). Higher intertidal Uca 

species tend to be less active during periods of neap tide-when they cannot feed on 

the dry soil-or during heavy rainfall-which impedes their vision (pers. obs.). Thus, 

at such times when salinities are extreme, they are underground. For these reasons, it 

was decided not to consider the effect of salinity on Uca distribution. 

Vegetation also has a significant affect on Uca distribution (Smith and Miller 1973; 

Powers 1975; lcely and Jones 1977; Macintosh 1977, 1978; Frith and Brunenmeister 

1980; Mouton and Felder 1996). Presumably, this maybe partly due to its affect on 

several other abiotic factors that are known to affect Uca distribution. These include 

substrate organic content (Whiting and Moshiri 1974), temperature (Frith and 

Brunenmeister 1980), and soil moisture (Macintosh 1977). The ameliorating effect of 

vegetation may be more important to the distribution of tropical Uca species 

compared with their temperate counterparts-upper lethal temperatures are often 

approached by the former, but rarely by the latter (Edney 1961; Teal 1958; Vemberg 

1984). However, caution must be taken when comparing temperate and tropical 

environments, as organisms are subject to physical stresses in both types of 

environment (McGuinness 1990a). Density of root mat and vegetative structural 

elements and consolidation of substrate may determine where crabs can burrow 

(Macnae 1968; Ringold 1978; Bertness and Miller 1984). The dense root mat of 

Australian mangroves is particularly impenetrable (Hutchings and Recher 1983; 

Hutchings and Saenger 1987; pers. obs.). 
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The presence or absence of vegetation is particularly important to the distribution 

and behaviour of tropical mangrove marine fauna, perhaps more so than salinity and 

intertidal position (Macnae 1968; Dye 1983; Lasiak and Dye 1986; McGuinness 

1994; Osborne and Smith 1990). This may be especially true in the upper intertidal 

zone, where environmental conditions are severe during neap tides (McGuinness 

1994). The distributions of the three species to be examined may also appear 

significantly, but differentially, affected by the presence or absence of vegetation 

(pers. obs.). Ucaflammula is found in the forest (Audas 1992) and on the shoulders 

of steep creeks (George and Jones 1982; Hagen and Jones 1989). Uca signata lives 

around the edges of clearings (Macnae 1966, 1968), and U elegans inhabits the 

centres of clearings (George and Jones 1982; Hagen and Jones 1989). 

Biotic factors such as predation and sympatry with other Uca species may also affect 

Uca distribution (Teal 1958; Kerwin 1971; Ringold 1978; Frith and Brunenmeister 

1980; Barnwell and Thurman 1984). 

Sesannids are abundant in Australian mangroves (Davie 1982; Hutchings and Recher 

1983; George and Jones 1984; Jones 1984), particularly in the upper intertidal zone 

(Sasekumar 1974; McIvor and Smith 1995; Lee 1998). They burrow into the soil, 

and feed on leaflitter and propagules (Robertson 1986; Robertson and Daniel 1989b; 

McIvor and Smith 1995; McGuinness 1997a), detritus, carrion and live molluscs and 

crabs (Crichton 1960; Macnae 1966, 1968; Macintosh 1979; Poovachiranon and 

Tantichodok 1991; McGuinness 1994; pers. obs.). Because of their role in nutrient 

turnover, their activities may help to enrich the soil-review by Lee (1998)-thus 

benefiting Uca feeding. Consequently, they have the potential to affect the 

distribution of Uca in several ways-e.g. as potential competitors with Uca for space 
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and food, or possibly as predators of Uca. Furthennore, it may be significant that 

sesannids are usually only found in vegetated areas (Osborne and Smith 1990; pers. 

obs.), because this suggests that they could prevent Uca from colonising forested 

areas. 

Thus, the main aim of the present study was to describe the spatial distribution of 

different Uca species, and correlate this with environmental factors. Particular 

consideration was given to factors pertaining to differing levels of vegetation, 

therefore sites were chosen where there were cleared areas within the forests. Three 

different tidal heights comprising three different soil types were sampled. Two 

different creek systems were compared, as distribution of Uca species in Darwin 

Harbour may vary between creeks (Hagen and Jones 1989). 
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Methods 

Plant roots 

Peg roots 

This sampling programme was designed to determine if the burrows of U jlammula 

and U capricorn is are associated with the peg roots of mangrove plants, and ifthis 

association varies with diameter of the burrow aperture. Size of burrow aperture is 

significantly correlated with carapace width of Uca (Krebs and Valiela 1978; Christy 

1982a; Mouton and Felder 1996; Chapter 4). An indirect estimate of carapace width 

is preferable to a direct measurement, because these animals return to their burrows 

when approached. 

The sizes of burrows and their distance from peg roots were examined for U. 

jlammula (n = 70) at creek bank 6 and for U capricomis (n = 78) in shaded, muddy 

areas of the lower intertidal zone at East Point. Peg roots were of Avicennia marina 

at creek bank 6 and of Sonneratia alba at East Point. Sites were at Ludmilla Creek. 

Haphazardly chosen occupied burrows were scored as either occurring away from (;?: 

2 cm) or near « 2 cm) a peg root. The diameter of each U. capricorn is burrow was 

measured to the nearest millimetre, as was the distance to the nearest root (BR 

distance). To save time, U jlammula burrows were classified according to the 

diameter ofthe aperture: either small « 15 mm) or large (;?: 15 mm). In order to 

quantify the distribution of random points in relation to peg roots, a sheet of clear 

plastic was inscribed with 25 random dots (30 mm diameter) and placed onto the soil 

surface. Each dot was scored as either occurring away from (;?: 2 cm) or near « 

2 cm) a peg root. This was done ten times at each site. 
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For each species, Chi-squared tests were used to analyse the distribution ofthe two 

size classes of burrows separately. Each analysis compared the distribution-with 

respect to peg roots--ofburrows and random dots. The correlation coefficient was 

determined for the relationship between the diameter of U capricorn is burrows on 

BR distance. 

Buttress roots 

Some sesannids are territorial, and crabs are more likely to win disputes against 

smaller individuals (Hyatt and Salmon 1978; Seiple and Salmon 1982; Jennions and 

BackwellI996). During fieldwork, I noticed that large sesannids appeared to be 

found amongst or around buttress roots of Ceriops tagal. Uca flammula and small 

sesannids tended to inhabit areas between the trees. This pattern could be a result of 

interference competition. The aim of this sampling programme was to test if the BR 

distance varied with the type of crab. 

Sesarmids and U. flammula are abundant in the Ceriops forest of muddy site 1, 

Ludmilla Creek. Within the forest, seventy burrows (or root crevices) inhabited by 

sesarmids or U. flammula were haphazardly chosen. Only large sesarmids with 

carapace widths greater than 10 mm were used. The diameter of each U. flammula 

burrow was recorded. Sesarmid burrows could not be quantified in a similar way 

because many of the burrows were in amongst buttress roots and it was difficult to 

locate their entrances. The BR distance was recorded for both crab types. 

Ucaflammula burrows were classified according to the diameter of the aperture: 

small « 15 rom) or large (~15 rom). The frequency with which burrows (or root 

crevices) were encountered away from (>2 cm) or near «2 cm) a buttress root were 

calculated for each crab type, and for each size class of Uflammula burrow. Chi-
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squared tests were done to compare frequencies between different size classes of U 

jlammula burrows, and between the two crab types. The BR distance was compared 

between U jlammula and sesarmids, and between small and large U jlammula using 

unpaired 2-tailed t-tests. The correlation between the diameter of U. jlammula 

burrows on BR distance was calculated. 

Comparing size frequency distribution of two U. signata populations 

During fieldwork, I noticed that U signata appeared to be smaller at lower creek 

banks, compared with clearings at higher levels. This sampling programme was 

undertaken to determine if there was a significant difference in the size structure of 

the populations at different intertidal levels. Uca signata burrows were sampled at 

two randomly selected sites at Ludmilla Creek-the clearing of creek bank 1, and at 

the edge of loamy site 2. At each site, individuals of U signata were haphazardly 

chosen. After observing the occupant return to its burrow a thin painted wooden stick 

was stuck into the soil close to the respective burrow. The colour of the stick denoted 

the sex of the occupant. When 48 male and 48 female burrows had been labeled, the 

occupant's sex and the diameter of each burrow were recorded. 

Chi-squared analysis was used to compare size frequency distributions of crabs 

between each site. Size classes were grouped where necessary to increase sample 

sizes. Data on burrow diameter were analysed by a two-factor ANOV A with the 

factors: Site [2 levels: creek bank 1 and loamy site 2]; and Sex. Cochran's test was 

not significant (p > 0.05) for log transformed data. The ANOV A was used in order to 

examine whether mean crab size (age) varied between sites. Data were further 

anal ysed by Chi -squared tests to determine whether the size structure of the different 

popUlations deviated from a normal frequency distribution. 
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Shade and structural elements 

The aim of this sampling programme was to determine if percentage shade and area 

of soil surface covered by plant stems affected Uca distribution in clearings. Three 

microhabitats that were inhabited by two or more Uca species were chosen for this 

study-the clearing of creek bank 1, the edge of muddy site 1, and the edge of loamy 

site 2. Each microhabitat was sampled over two days during the transition period 

between the dry and wet seasons. Fieldwork was curtailed at two microhabitats due 

to bad weather, therefore different numbers of quadrats were sampled: 54 at the 

muddy site; 48 at the creek bank; and 36 at the loamy site. 

The quadrat (0.56 m2
) was haphazardly placed onto the soil surface. The numbers of 

male and female Uca that emerged from within the quadrat during 10-min 

continuous observation were recorded. Also, estimates were made of percentage 

shade by using a spherical densiometer, and of area of soil surface covered by plant 

stems. 

Data for the three microhabitats were analysed separately. Correlations between crab 

abundance on environmental variables were calculated. In order to compare males 

and females of the same species, and different species, slopes of the regressions were 

tested for parallelism. 

Distance from edge of forest 

This sampling programme was designed to determine whether the density of Uca 

living in large clearings was correlated with the proximity of the forest. The clearings 

of muddy sites 1 and 2, and of loamy sites 1 and 2 at Ludmilla Creek were chosen at 

random for this study. Each clearing was sampled during one diumallow-tide period, 
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giving a total of four sampling days. Quadrats (0.56 m2
) were placed on the soil 

surface in the clearing parallel to the forest edge. These were placed at distances of 

0.75 m, 1.50 m, 2.25 m, 3.00 m, 3.75 m or 4.50 m from the forest. After ten min, 

numbers of each Uca species that were on the surface of each quadrat were recorded 

(Le. scan sampling). This was repeated several times to give 36 quadrats at muddy 

sites 1 and 2, and loamy site 2. Because of bad weather, only 12 quadrats were 

sampled at loamy site 1. For each quadrat, percentage shade was estimated using a 

spherical densiometer, and soil and air temperature, and relative humidity of the air 

were recorded. 

Data collected on crab density at the muddy sites were compared using a three-factor 

repeated measure ANOVA with the following factors: Distance from edge [6 levels: 

0.75 m, 1.50 m, 2.25 m, 3.00 m, 3.75 m and 4.50 m]; Site number [2 levels]; and 

Species [2 levels, repeated measure: U elegans and U Signata]. Cochran's test was 

not significant (P > 0.05). Environmental data were analysed using a three-factor 

ANOVA with the following factors: Distance from edge [6 levels: 0.75 m, 1.50 m, 

2.25 m, 3.00 m, 3.75 m and 4.5 m]; Site type [2 levels: muddy and loamy sites]; and 

Site number [2 levels, nested in Site type]. Cochran's test was not significant (P > 

0.05) for soil temperature, humidity and percentage shade data. Variances of air 

temperature were significantly heterogenous by Cochran's test (P < 0.01), even when 

the data were transformed, and therefore were not analysed by ANOV A. Tukey's 

(HSD) tests (a = 0.05) were used to compare environmental variables (but not air 

temperature) at the muddy and loamy sites after the ANOV A. 
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Crab distributions at Ludmilla Creek and the inner Harbour 

mangroves 

The aim of this sampling programme was to compare the distribution of crab species 

and a larger number of environmental variables, between two mangrove systems: 

Ludmilla Creek and the inner Darwin Harbour mangroves. Fifteen sites were 

selected within the upper intertidal zone of each mangrove system as follows: creek 

banks 1-5; muddy sites 1-5; and loamy sites 1-5. Each site was divided into three 

microhabitats: forest; edge of clearing; and clearing. 

Environmental variables 

The height of each microhabitat was determined. At low tide preceding a big high 

tide, flagging tape was scored with water-soluble pen and strung between an 

attachment on the ground and an overhanging branch. The following day, the height 

at which the ink remained on the tape was recorded. This process had to be repeated 

at a few sites because rain had washed away the ink on the tape. The height of the 

watennark was subtracted from the predicted height of the highest tide that occurred 

during the interim to give an estimate of the tidal height of each microhabitat. No 

boats were able to get close to any of the sites used. 

The area of each clearing was estimated by pacing across the widest and longest 

parts. These estimates were converted to metres, then multiplied by each other to 

give an estimate of area. 

In order to estimate the suitability ofthe soil for burrowing by crabs, objects were 

either pushed into or dropped onto the soil. Such an object will not penetrate far into 

a harder, more consolidated soil, with a shallow root mat, compared to one that is 
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softer with a deeper root mat. To estimate consolidation (penetrability), a metal bolt 

(length = 21.5 cm, weight = 344.58 g) was held flush inside the top ofa length of 

PVC pipe (length = 114.8 cm, diameter = 3.0 cm), and then released. The length of 

bolt penetrating into the soil was calculated by measuring the length of bolt above 

the soil and subtracting this from 21.5. Five measurements were taken at haphazardly 

chosen positions in each microhabitat. This was done during spring and neap tides. 

To estimate the depth of the root mat a wooden pole (length = 93.2 cm, diameter = 

3.0 cm) was pushed into the soil as far as the root mat would allow, and the depth 

recorded. It was not pushed further than 80 cm so there was enough of the pole 

remaining above the soil, to enable it to be pulled free. Five measurements were 

taken at haphazardly chosen positions in each microhabitat. 

Percentage shade was estimated using a spherical densiometer. This was done at 

three haphazardly chosen positions in each microhabitat. 

Soil samples collected at each microhabitat during spring and neap tides were taken 

to the laboratory for analysis. The soil was weighed and dried to a constant weight 

for approximately 2 weeks at lO5°C. The weight ofthe fraction lost in the drying 

was calculated as percentage moisture. The dry soil was placed in a muffle furnace at 

500°C for 36 h. The ash-free dry weight was determined and the organic content was 

estimated as the weight ofthe fraction lost. 

Owing to time constrictions, plant litter and debris were only collected at sites 1 and 

2 of each site type at Ludmilla Creek. For each microhabitat, the material collected 

from three haphazardly placed quadrats (0.56 m2
) was sealed in plastic bags and 

taken to the laboratory for analysis. Each sample was placed in a 4 mm mesh sieve 

and washed under a tap to remove the soil. The sample was placed in a metal 
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container and dried to a constant weight for approximately 2 weeks at 105°C. The 

sample was then divided into 2 portions: leaflitter and other debris (i.e. sticks, twigs, 

etc). Each portion was weighed to give the dry weight. 

After the fauna had been sampled at each microhabitat, two soil temperature 

measurements were taken. One was with the probe lying on the surface of the soil 

and the other with the probe inserted into the soil to a depth of 15 cm. 

Apparent abundance of crabs 

Apparent abundance was measured during three hours of diurnal lowest water of 

spring tides. For a period of 10 min the number of male and female Uca, and small 

and large sesarmids which emerged from burrows in three haphazardly placed 

quadrats (0.56 m2
) were recorded. This was done at each microhabitat. 

Analyses 

Environmental data were analysed by several multi-factor ANOVAs. Soil moisture 

and soil penetrability were analysed by five-factor ANOV A with the following 

factors: Mangrove [2 levels: Ludmilla Creek and Inner Harbour]; Site type [3 levels: 

creek banks, muddy and loamy sites]; Microhabitat [3 levels: clearing, edge and 

forest]; Site number [5 levels, nested in Mangrove and Site type]; and Tide [2, 

repeated measure: spring and neap]. Cochran's test was not significant (P > 0.05) for 

square root transformed moisture data, or for log transformed data on soil 

penetrability during spring tides. Variances of log transformed data on soil 

penetrability during neap tides were significantly heterogeneous by Cochran's test 

(0.01 < P < 0.05), therefore the significance level for ANOV A was increased to P = 

0.01. Leaflitter and debris (Ludmilla Creek sites 1 and 2) were analysed by three-
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factor ANOV As with the following factors: Site type [3 levels: creek banks, muddy 

and loamy sites]; Site number [2 levels, nested in Site type]; and Microhabitat [3 

levels: clearing, edge and forest]. Cochran's test was not significant (p > 0.05) for 

square root transformed leaf litter data, or for log transformed debris data. 

Temperature within the soil was analysed by a three-factor ANOV A with the 

following factors: Mangrove [2 levels: Ludmilla Creek and Inner Harbour]; Site type 

[3 levels: creek banks, muddy and loamy sites]; and Microhabitat [3 levels: clearing, 

edge and forest]. Cochran's test was not significant (P > 0.05). Root depth and 

percentage shade were analysed by four-factor ANOV As with the factors: Mangrove 

[2 levels: Ludmilla Creek and Inner Harbour]; Site type [3 levels: creek banks, 

muddy and loamy sites]; Site number [5 levels, nested in Mangrove and Site type]; 

and Microhabitat [3 levels: clearing, edge and forest]. Cochran's test was not 

significant (P > 0.05) for square root transformed root depth data. Cochran's test was 

significant (0.01 < P < 0.05) for XO.25 transformed percentage shade data, therefore 

the significance level for ANOVA was increased to P = 0.01. Tukey's (HSD) tests (a 

= 0.05) were used to compare some ofthe means after these ANOVAs. Data 

collected on soil mounds, peg roots, soil organic content and height could not be 

analysed by comparing variances due to heterogeneous variances. 

Correlation coefficients were determined for the relationship between environmental 

variables at each microhabitat. 

Crab abundance was analysed by four-factor ANOVAs with the following factors: 

Mangrove [2 levels: Ludmilla Creek and Inner Harbour]; Site type [3 levels: creek 

banks, muddy and loamy sites]; Site number [5 levels, nested in Mangrove and Site 

type]; and Microhabitat [3 levels: clearing, edge and forest]. Cochran's test was not 
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significant (p > 0.05) for log transformed Ujlammula, U signata data, for square 

root transformed small sesarmid data, for XO.25 transformed large sesarmid data, and 

for all Uca and all Sesarmid data. Data collected on U elegans could not be analysed 

by ANOVA because Cochran's test was significant (P < 0.01) when data were 

transformed. 

Correlation coefficients were determined for the relationship between mean crab 

abundance and the mean of each ofthe environmental variables at each microhabitat. 

The relationship between each environmental variable and crab data was analysed by 

one-factor ANCOVA with the factor Sex (for Uca data) or Size (for Sesarmid data). 

Cochran's test was not significant (p > 0.05) for Ujlammula and U signata data. 

Cochran's test was significant (0.01 < P < 0.05) for XO.25 transformed U elegans and 

Sesarmid data, therefore, the criterion for significance in the ANCOV A was set at P 

= 0.01. Uca data for the different sexes were pooled, and the relationship between 

abundance of each species and each environmental variable was analysed by one

factor ANCOVA with the factor Species [3 levels: Ujlammula, U elegans, and U 

signata]. Cochran's test was not significant (P > 0.05) for log transformed data. Data 

on all sesarmids and all Uca were pooled and the relationship between crab 

abundance and each environmental variable was analysed by one-factor ANCOVA 

with the factor Crab group [2 levels: Sesarmids and Uca]. Cochran's test was not 

significant (P > 0.05) for log transformed data. 

Correlation coefficients were determined for the relationship between abundance of 

different crab species. Each pair of data that was analysed comprised the number of 

crabs within each quadrat. The relationship was analysed by one-factor ANCOVA 

with the factor Sex (for Uca data). The integrated effect of environmental variables 
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and abundance of crab species on crab abundance was assessed by mUltiple 

regression analysis. 

Results 

Plant roots 

Peg roots 

At the creek bank 60 % of the soil was bare, and 72 % of the soil at East Point was 

bare (Table 3.1). Chi-squared analyses showed that large Ujlammula burrows and 

all U capricornis burrows were associated with peg roots (Table 3.1). The 

relationship between diameter of U capricornis burrows and BR distance was not 

significant (r = -0.12, P > 0.05, n = 78). 

Buttress roots 

The frequency that burrows were found near or away from roots differed between the 

crab groups. There were significantly more burrows of sesarmids near roots 

compared to those of U jlammula, irrespective of size (Table 3.2a). The distance 

between burrow and root was significantly greater for U jlammula compared to that 

of sesarmids (t = 6.2, P < 0.0001), and this distance did not vary between small and 

large Ujlammula burrows (t = -1.06, P > 0.05) (Table 3.2b). The relationship 

between size of U jlammula burrow and BR distance was not significant (r = 0.16, P 

> 0.05, n = 70). 
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Table 3.1 Distribution of Uea burrows and random dots in areas 
with peg roots 

The table shows the total number (sum) and percentage (%) of different sized Uca 
burrows and random dots away from (away) and close to (close) peg roots. Uca 
jlammula and U capricornis burrows were sampled at the creek bank and East Point 
respectively. Results of Chi-squared tests that detennined if burrows were randomly 
distributed with respect to peg-roots are shown. 

Away Close 
Site Category Sum % Sum % 'l 
Creek Bank Random Dots 151 60.40 99 39.60 

Small Burrows 30 69.76 13 30.23 1.58 
Large Burrows 5 18.52 22 81.48 19.80** 

East Point Random Dots 179 71.60 71 28.40 
Small Burrows 21 48.83 22 51.16 10.96** 
Large Burrows 19 54.29 16 45.71 5.16* 
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Table 3.2 Distribution of Uca and sesarmid burrows in areas with 
buttress roots of Ceriops tagal 

a) Frequency of burrows occurring near or away from a root 

The table shows the total number (sum) and percentage (%) of burrows (or root 
crevices) away from (away) and close to (close) buttress roots for different crabs. 
Results of a Chi-squared test that detennined if all burrows of Uca and sesannids 
were similarly distributed with respect to buttress roots are shown. The Chi-squared 
test was not done where entries were < 5 (nc = not calculable). 

Away Close 
Crab Category Sum % Sum % "I: 
U.flammula Small 57 98.28 1 1.72 nc 

Large 12 100.00 0 0.00 nc 
All 69 98.57 1 1.43 nc 

Sesarmids All 34 48.57 36 51.43 45.0*** 

b) Distance between burrow and Ceriops root (BR distance) 

The table shows the distance (in mm) from the burrow of different crabs to the 
nearest buttress root (BR distance). 

BR Distance (mm) 
Crab Category Mean SE n 
U.flammula Small 28.94 2.68 58 

Large 34.53 4.00 12 
All 30.30 2.56 70 

Sesarmids All 10.23 2.34 70 
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Table 3.3 Burrow diameter of different U. signata populations 

a) Burrow diameter 

The table shows the aperture diameter (in mm) of two populations of U. signata 
burrows: the lower intertidal (creek bank); and higher intertidal (loamy site) 
populations. 

Site 
Creek Bank 
Loamy Site 

Male 
Mean SE 

8.57 0.30 
11.35 0.45 

Female 
Mean SE 

8.66 0.31 
10.09 0.31 

b) Analysis of variance of burrow diameter 

The table shows the results of analysis of burrow diameter. Data was analysed by a 
2F ANOVA with the following factors: Site [2 levels: creek bank and loamy site]; 
and Sex. Cochran's test was not significant (p > 0.05) for log transfonned data. 

Factor df MS F 
Site 1 1.90 39.31*** 
Sex 1 0.09 1.88 
Site x Sex 1 0.13 2.69 
Residual 188 0.05 
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Table 3.4 Relationships between environmental variables and Uca 
abundance at three sites 

Correlation coefficients (r-values) are given for the relationships between 
environmental variables and crab abundance at the following three sites: creek bank; 
muddy site; and loamy site. Environmental vari.ables are percentage shade (% shade) 
and plant stem area (PS area). F-values are shown for the tests of parallelism (P) used 
to compare the slopes of the regressions between the (a) sexes and (b) species at each 
site. For creek bank n = 48, muddy site n = 54, and loamy site n = 36 

a) Comparing the sexes 

Male Female 
Variable Site Uca spp. r values P 
% Shade Creek Bank jlammula -0.06 -0.13 0.07 

Creek Bank signata 0.08 0.08 0.04 
Muddy Site jlammula 0.49*** 0.45** 0.14 
Muddy Site signata -0.22 -0.20 0.04 
Muddy Site elegans -0.46** -0.49*** 0.32 
Loamy Site signata 0.46** 0.14 1.48 
Loamy Site elegans -0.36* -0.51 ** 0.67 

PSArea Creek Bank jlammula -0.03 -0.20 0.58 
Creek Bank signata 0.32* 0.34* 0.57 
Muddy Site jlammula 0.39** 0.30* 0.01 
Muddy Site signata -0.23 -0.31* 0.08 
Muddy Site elegans -0.49*** -0.32* 0.33 
Loamy Site signata 0.64*** 0.21 2.94 
Loamy Site elegans -0.49** -0.67*** 1.17 

b) Comparing the species 

Environ. flammula signata elegans 
Variable Site r values P 
% Shade Creek Bank -0.11 0.09 3.43 

Muddy Site 0.55*** -0.26 -0.57*** 20.32*** 
Loamy Site 0.35* -0.48** 15.70*** 

PS Area Creek Bank -0.14 0.34* 4.72* 
Muddy Site 0.40** -0.32* -0.47*** 12.31 *** 
Loamy Site 0.48** -0.64*** 35.72*** 
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Fig. 3.2 

Regression of the number of crabs on percentage shade and area of plant stems for 

each crab species at each site. Data for the different sexes within each quadrat were 

added together, as this factor was not significant in the analysis of covariance (see 

Table 3.4a). Species are represented thus: squares, solid line = U jlammula; circles, 

dashed line = U elegans; and triangles, dotted line = U. signata. 
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Distance from edge of clearings 

Soil temperature varied significantly with all factors, whereas relative humidity and 

percentage shade varied significantly with two of these factors (Table 3.5). Soil 

temperature generally increased with increasing distance from the forest, although 

the amount of increase varied between sites of each site type (Fig. 3.3). Loamy sites 

had wanner soil temperatures compared to muddy sites. Relative humidity of the air 

did not differ significantly with distance. The air at the loamy sites was significantly 

more humid, compared to muddy sites, and there was significant variation between 

sites. With the exception ofloamy site 1, the sites tended to show a decrease in air 

temperature with increasing distance from the forest. Percentage shade decreased 

with increasing distance from the forest, and was not affected by site type, but varied 

between sites. 

Crab abundance did vary at the muddy sites (Table 3.6). Crabs were significantly 

more abundant at Site 1. At both sites, U elegans was more abundant than U 

signata. Ucajlammula was only observed within 1.5 m of the forest at Site 1. 

Distance from the forest similarly affected crab abundance at both sites (Fig. 3.4): U 

signata significantly decreased and U elegans significantly increased with 

increasing distance from the forest. Data from the loamy sites could not be analysed, 

however trends in abundance were generally similar. Uca signata was less abundant 

than U elegans, and U signata abundance decreased with increasing distance from 

the forest. Uca elegans abundance did not tend to increase with distance from the 

forest. 
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Table 3.5 Analysis of variance of environmental variables 
recorded at the muddy and loamy sites 

The table shows the results of analyses of environmental variables recorded at 
muddy and loamy sites. Data on each variable were analysed by a 3F ANOV A with 
the following factors: Distance from edge [6 levels: 0.75 m, 1.50 m, 2.25 m, 3.00 m, 
3.75 m and 4.5 m]; Site type [2 levels: muddy and loamy site]; and Site number [2 
levels, nested in Site type]. Cochran's test was not significant (P > 0.05). 

Environmental Variable 
Soil Temperature Relative Humidity Percent Shade 

Factor df MS F MS F MS F 
Distance 5 7.32 21.06*** 11.82 1.73 2011.96 44.76*** 
Site Type 1 1.65 4.75* 410.09 59.95*** 38.34 0.85 
Site No. 2 11.83 34.06*** 207.06 30.27*** 558.64 12.43*** 
Distance x Site Type 5 0.10 0.28 0.47 0.07 44.63 0.99 
Distance x Site No. 10 0.92 2.65* 9.20 1.35 81.77 1.82 
Residual 24 0.35 6.84 44.95 
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Fig. 3.3 

The effect of distance from the forest edge on environmental variables at Ludmilla 

Creek. Each point represents the mean of two measurements, and error bars give ± 1 

SE. Site types are represented thus: filled squares = muddy site 1; filled circles = 

muddy site 2; open squares = loamy site 1; and open circles = loamy site 2. 
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Table 3.6 Analysis of variance of crab abundance at the muddy 
sites 

The table shows the results of analysis of crab abundance at the muddy sites. Data 
were analysed by a 3F repeated measure ANOVA with the following factors: 
Distance from edge [6 levels: 0.75 m, 1.50 m, 2.25 rn, 3.00 rn, 3.75 m and 4.50 m]; 
Site number [2 levels]; and Species [2 levels, repeated measure: U eZegans and U 
signata]. Cochran's test was not significant for (P > 0.05). 

Factor df MS F 
Distance 5 9.62 4.04 
Site Number 1 101.67 42.69*** 
Species 1 189.06 55.45*** 
Distance x Site 5 4.82 2.03 
Distance x Species 5 46.55 13.65*** 
Site x Species 1 55.01 16.13*** 
Distance x Site x Species 5 2.62 0.77 
Residual 60 



Fig. 3.4 

The effect of distance from the forest edge on crab abundance at four sites in 

Ludmilla Creek. Counts are per 0.56 m2
, and each point represents the mean of six 

counts at the muddy sites and loamy site 2, and of two counts at loamy site 1. Error 

bars give ±1 SE. Crab species are represented thus: triangles = U. elegans; diamonds 

= U. signata; and circles = U. jlammula. 
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Comparing distributions at Ludmilla Creek and the inner Harbour 

mangroves 

The clearings of muddy sites were smaller (Ludmilla Creek 621 ± 376 m2: Inner 

Harbour 156 ± 93 m
2
) than those ofloamy sites (Ludmilla Creek 3,654 ± 2,420 m2: 

Inner Harbour 13,804 ± 26,894 m2
). Peg roots tended to be more abundant at creek 

banks (Fig. 3.5c). Soil mounds tended to be more abundant at Ludmilla Creek 

compared to the inner Harbour, and more abundant at the forest and edge of muddy 

sites compared to other microhabitats (Fig. 3.5d). The soil tended to have a higher 

organic content at the inner Harbour mangroves compared to Ludmilla Creek. 

Furthermore, soil organic content tended to be lower in clearings, intermediate at the 

edge and higher in the forest, and tended to decrease in the following order: muddy 

sites, creek banks, and loamy sites (Fig. 3.5e). Loamy sites were the highest, muddy 

sites intermediate, and creek banks were the lowest. Sites at Ludmilla Creek were 

generally higher than the inner Harbour sites, and height differences between 

microhabitats tended to be greater at creek banks (Fig. 3.5f). 

Those variables that were analysed by ANOV A showed considerable variation. Most 

factors (including Site number) and their interactions were significant (Tables 3.7a-

3.7b). Ludmilla Creek sites were significantly more shady than inner Harbour sites 

(Fig. 3.5a). Creek banks tended to be the shadiest types of sites, and percentage 

shade generally increased from clearing into forest. Root depth did not vary 

significantly between creek systems (Fig. 3.5b). Generally, roots were shallower at 

creek banks compared to the other site types. In general, the root mat became 

shallower from clearing into forest. The temperature in the soil did not vary between 

creek systems but tended to increase in order of creek banks, muddy then loamy sites 

(Fig. 3.6b). The soil was warmer in clearings compared to the edge and forest. The 



Fig. 3.5 

The effect of microhabitat, site and creek type on the following environmental 

factors: (A) percentage shade (n = 15); (B) root depth (n = 25); (C) number of peg 

roots per 0.56 m2 (n = 15); (D) number of soil mounds per 0.56 IIi (n = 15); (E) soil 

organic content (n = 15); and (F) height (n = 5). Each bar represents the mean of the 

number of measurements indicated in brackets, and the error bars give + 1 SE. 

Microhabitats are represented thus: open bars = clearing; shaded bars = edge; and 

filled bars = forest. 
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Table 3.7 Analysis of variance of environmental variables at Ludmilla Creek and the inner Harbour mangroves 

The tables show the results of analyses of environmental variables at Ludmilla Creek and the inner Harbour mangroves. Data on each variable 
were analysed by 3,4 or 5F ANOVAs with the following factors: Mangrove [2 levels: Ludmilla Creek and Inner Harbour]; Site type [3 levels: 
creek banks, muddy and loamy sites]; Site number [2 levels]; Microhabitat [3 levels: clearing, edge and forest]; Tide [2 levels, repeated measure: 
spring and neap]. The transform used is indicated together with the significance of Cochran's test (calculated after transformation of data). 

a)3F ANOVAs 

Environmental Variable 
Leaf Litter Debris Temp. In Soil 

Factor df MS F MS F df MS F 
Mangrove (Ma) 1 0.10 0.07 
Site Type (ST) 2 5.18 40.70*** 2.72 8.55*** 2 6.28 4.46* 
Site No. (SN) 3 8.52 66.99*** 1.35 4.24* 
Microhabitat (Mi) 2 4.09 32.20*** 16.72 52.51 *** 2 11.88 8.43*** 
MaxST 2 7.55 5.36** 
MaxMi 2 0.23 0.16 
STxMi 4 1.46 11.51*** 2.41 7.56*** 4 1.63 1.16 
SNxMi 6 0.65 5.09*** 0.62 1.96 
Ma x ST x Mi 4 0.94 0.67 
Residual 36 0.13 0.32 72 1.41 
Transform log(X + 1) log(X + 1) none 
Cochran's > 0.05 > 0.05 > 0.05 



b) 4F and SF ANOVAs 

Environmental Variable 
Soil Moisture Percentage Shade Soil Penetrability Root Depth 

Factor df MS F MS F df MS F MS F 
Mangrove (Ma) 1 53.64 1314.24*** 0.51 166.57*** 1 6.79 313.24*** 3.67 1.77 
Site Type (ST) 2 77.02 1886.90*** 4.05 1311.92*** 2 4.75 218.84*** 415.14 200.95*** 
Site No. (SN) 24 2.84 69.54*** 0.05 16.83*** 24 0.32 14.58*** 9.56 4.63*** 
Microhabitat (Mi) 2 46.95 1150.30*** 10.86 3517.34*** 2 3.15 145.39*** 396.03 191.70*** 
Tide (T) 1 91.41 2240.51*** 1 33.37 1567.29*** 
MaxST 2 0.73 17.94*** 0.02 7.32*** 2 0.12 5.59** 6.61 3.20* 
MaxSN 2 0.19 4.54* 0.02 8.08*** 2 0.13 6.17** 27.19 13.16*** 
STxMi 4 7.81 191.40*** 0.87 282.65*** 4 1.31 60.48*** 70.57 34.16*** 
SNxMi 48 0.68 16.70*** 0.02 6.92*** 48 0.13 6.01 *** 5.26 2.55*** 
MaxT 1 11.71 287.08*** 1 3.55 166.85*** 
STxT 2 12.87 315.47*** 2 3.05 143.10*** 
SNxT 24 0.38 9.22*** 24 0.15 6.94*** 
MixT 2 7.05 172.90*** 2 1.45 68.13*** 
MaxSTxMi 4 2.96 72.54*** 0.09 28.76*** 4 0.71 32.68*** 0.91 0.44 
Ma x STxT 2 2.05 50.18*** 2 0.09 4.32* 
MaxMixT 2 0.15 3.57* 2 0.05 2.28 
STxMixT 4 1.52 37.22*** 4 0.45 21.26*** 
SN xMixT 48 0.12 2.83*** 48 0.06 2.69*** 
Ma x ST x MixT 4 1.26 30.85*** 4 0.21 9.94*** 
Residual 180 0.04 0.003 360 0.02 2.07 

Transform "(X + 1) arcsined(Xl100) log(X + 1) "(X + 1) 
Cochran's >0.05 0.01 < P < 0.05 >0.05 >0.05 



Fig. 3.6 

The effect of microhabitat, site and creek type on the following environmental 

factors: temperature (A) on and (B) in the soil (n = 5); soil penetrability during (C) 

spring and (D) neap tides (n = 25); and percentage soil moisture during (E) spring 

and (F) neap tides (n = 15). Each bar represents the mean of the number of 

measurements indicated in brackets, and the error bars give + 1 SE. Microhabitats are 

represented thus: open bars = clearing; shaded bars = edge; and filled bars = forest. 
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temperature of the soil surface tended to be higher than the temperature in the soil 

(except in forests at muddy sites of Ludmilla Creek). The difference between the two 

soil temperatures tended to be smaller at creek banks, compared to the other site 

types (Fig. 3.6a). Soils generally decreased in penetrability from clearing to forest 

except for loamy sites during spring tides where the reverse was the case (Figs. 3.6c-

3.6d). The difference between soil penetrability between spring and neap tides was 

greater for loamy sites, compared to the other site types. Soil moisture was higher at 

muddy sites and creek banks compared to loamy sites (Figs. 3.6e-3.6f). Microhabitat 

differences in soil moisture varied according to site type. Forests were wetter at 

loamy and muddy sites compared to the other microhabitats, whereas soil moisture 

did not vary between microhabitats at creek banks. Differences in soil moisture 

during spring and neap tides were less for the creek banks compared to the other site 

types. Weight ofleaflitter and debris was significantly greater at the muddy sites 

compared to the other site types (Fig. 3.7). Weight ofleaflitter (C = F < E) and 

debris (C < E < F) varied significantly between microhabitats. 

There were many significant relationships between environmental variables (Table 

3.8), yet only 5 of these would have been expected by chance alone (P = 0.05). 

Percentage shade, soil moisture (during spring and neap tides), soil penetrability 

during neap tides, soil organic content, root depth, temperature on the soil surface 

and soil mounds were all significantly correlated with 9 or more ofthe 15 variables. 

Between 5 and 6 significant relationships were found with soil penetrability during 

spring tides, temperature in the soil, height and peg roots. Leaf litter did not have 

significant relationships with any of the other variables, and area was negatively 

correlated with temperature in the soil and debris. 

Chapter 3: Spatial Patterns of Distribution 44 



Fig. 3.7 

The effect of microhabitat and site type (only sites 1 and 2 of each site type) on dry 

weight of (A) leaf litter and (B) debris at Ludmilla Creek. Each bar represents the 

mean of 15 measurements, and the error bars give + 1 SE. Microhabitats are 

represented thus: open bars = clearing; shaded bars = edge; and filled bars = forest. 
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Table 3.8 Relationships between environmental variables at Ludmilla Creek and the inner Harbour mangroves 

Correlation coefficients (r-values) are given for the relationships between different environmental variables at Ludmilla Creek and the inner 
Harbour mangroves. Each pair of data comprises the mean of the variable at each microhabitat. For correlations between area and leaf litter and 
debris n = 6, for correlations with area n = 30, for correlations with leaf litter and debris n = 18, for correlations with soil mounds and peg roots n 
= 15, for all others n = 90. Moist., pen., and organic cont. refer to soil moisture content, penetrability and organic content respectively. 

Moist. Moist Pen. Pen. Organic Root Temp Temp. Height Area 
Spring Neap Spring Neap Cont. Depth in Soil on Soil 

% Shade 
Moist. Spring 
Moist. Neap 
Pen. Spring 
Pen. Neap 
OrganicCont. 
Root Depth 
Temp in Soil 
Temp on Soil 
Height 
Area 
Leaf Litter 
Debris 
Soil Mounds 

.47*** .56***.15 .48*** .24* -.82*** -.24* -.60*** -.14 -.18 
.89*** .54 *** .76*** .80*** -.50*** -.15 

.44*** .87*** .74*** -.65*** -.06 
.51 *** .29** -.09 -.01 

.60*** -.56*** -.02 
-.30** -.21* 

.10 

-.49*** -.49*** .01 
-.49*** -.63*** -.23 
-.15 -.19 .13 
-.39*** -.56 -.30 
-.33** -.37*** .16 
.56*** .41 *** .19 
.54*** -.28** -.40* 

.21 -.04 
.14 

Leaf 
Litter 

-.10 
.31 
.09 

-.09 
-.09 
.24 

-.01 
.07 
.06 

-.06 
-.45 

Debris Soil Peg 
Mounds Roots 

.59* .39*** -.39*** 

.75*** .37*** .19 

.64** .37*** .32** 

.51 * .15 -.02 

.65** .30** .21 

.80*** .26* .07 
-.53* -.36*** -.53*** 
-.44 -.33** .05 
-.59* -.41 *** -.30** 
-.06 .08 -.51 *** 
-.83* -.19 -.15 
.16 .38 -.19 

.54* -.19 
.13 



Apparent abundance of all crab species varied significantly for most single factors 

(including Site number) and their interactions (Tables 3.9a-3.9d). Uca flammula 

abundance did not vary between creek systems, but was greater at creek banks, 

especially in the clearings. Few, if any, U. jlammula were observed in clearings of 

muddy and loamy sites (Fig. 3.8a). Unlike females, males were more abundant in the 

Inner Harbour, and in the clearings. Cochran's test of U. eZegans abundance showed 

significant heterogeneity of variances (p < 0.01). No U. eZegans were observed at the 

creek banks, and very few in forests (Fig. 3.8b). They tended to be more abundant at 

Ludmilla Creek where they were found in the centre of and around the edge of 

clearings of muddy and loamy sites. They were only seen in muddy and loamy 

clearings at the Inner Harbour mangroves. Uca signata was more abundant at the 

Inner Harbour mangroves, with few at creek banks, and most at the clearing and edge 

of muddy sites, and the edge and forest ofloamy sites (Fig. 3.8c). At Ludmilla Creek 

a similar pattern was seen at the loamy sites, but far fewer were seen at the muddy 

sites, and far more seen at creek bank clearings. Sesarmid abundance did not vary 

significantly between the two creek systems. Few, if any, were seen in the clearings 

of muddy and loamy sites. Small individuals (Fig. 3.8d) were more abundant than 

larger individuals (Fig. 3.8e). 

With the exception of four variables-soil organic content, area of the clearing, leaf 

litter and debris-all other environmental factors were significantly correlated with 

the abundance of at least one species of Uca (Tables 3.10a-3.10c). The sex of Uca 

did not have a significant effect on the slope of the regression, but the slopes were 

significantly different among different species of Uca (Table 3.11). Generally the 

slopes of regressions differed between U. jlammuZa compared to the other two 

species (Figs. 3.9, 3.10). Ucaflammula abundance was positively correlated with 
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Table 3.9 Analysis of variance of crab abundance at Ludmilla 
Creek and the inner Harbour mangroves 

The table shows the results of analyses .of crab abundance at Ludmilla Creek and the 
inner Harbour mangroves. Data on each species were analysed by 4F ANOVAs with 
the following factors: Mangrove [2 levels: Ludmilla Creek and Inner Harbour]; Site 
type [3 levels: creek banks, muddy and loamy sites]; Site number [5 levels, nested in 
Mangrove and Site type]; and Microhabitat [3 levels: clearing, edge and forest]. The 
transform used is indicated together with the significance of Cochran's test 
(calculated after transformation of data). U. elegans data was significant by 
Cochran's test (P < 0.01), and therefore not analysed by ANOV A. 

a) Analyses of U. jlammula abundance 

u.jlammu/a 
Male Female All 

Factor df MS F MS F MS F 
Mangrove (Ma) 1 0.36 4.22* 0.05 0.57 0.03 0.22 
Site Type (ST) 2 9.77 115.58*** 9.59 115.49*** 23.75 208.86*** 
Site No. (SN) 24 0.39 4.60*** 0.30 3.66*** 0.58 5.06*** 
Microhabitat (Mi)2 0.28 3.30* 0.10 1.24 0.22 1.97 
MaxST 2 0.38 4.45* 0.47 5.64** 0.65 5.72** 
MaxMi 2 0.19 2.30 0.62 7.46*** 0.67 5.90** 
STxMi 4 2.43 28.76*** 1.31 15.73*** 3.75 33.00*** 
SNxMi 48 0.24 2.89*** 0.24 2.84*** 0.40 3.48*** 
Max STx Mi 4 0.23 2.70* 0.19 2.26 0.56 4.96*** 
Residual 180 0.09 0.08 0.11 
Transform ..Jex + 1) log(X + 1) log(X + 1) 
Cochran's >0.05 > 0.05 >0.05 

b) Analyses of U. signata abundance 

U. signata 
Male Female All 

Factor df MS F MS F MS F 
Mangrove (Ma) 1 1.71 13.39*** 3.10 28.77*** 5.66 34.71 *** 
Site Type (S1) 2 3.16 24.68*** 7.48 69.46*** 11.51 70.55*** 
Site No. (SN) 24 0.48 3.75*** 0.62 5.80*** 1.17 7.15 
Microhabitat (Mi)2 2.37 18.54*** 3.25 30.19*** 6.15 37.69*** 
MaxST 2 3.16 24.70*** 3.28 30.25*** 7.26 44.52*** 
MaxMi 2 0.10 0.78 0.81 7.51*** 0.67 4.13* 
STxMi 4 5.58 43.58*** 5.39 50.03*** 11.88 72.81*** 
SNxMi 48 0.49 3.80*** 0.31 2.85*** 0.79 4.83*** 
Max STxMi 4 1.62 12.63*** 1.60 14.86*** 3.38 20.75*** 
Residual 180 0.13 0.11 0.16 
Transform X 0.25 log(X + 1) log(X + 1) 
Cochran'S >0.05 >0.05 >0.05 



c) Analyses of sesarmid abundance 

Small 
Factor df MS F 
Mangrove (Ma) 1 0.00 0.01 
Site Type (ST) 2 7.12 73.59*** 
Site No. (SN) 24 0.58 5.99*** 
Microhabitat (Mi)2 4.52 46.74*** 
MaxST 2 0.96 9.95 
MaxMi 2 0.00 0.03 
STxMi 4 2.17 22.49*** 
SNxMi 48 0.32 3.29*** 
MaxSTxMi 4 0.23 2.37 
Residual 180 0.10 
Transform ..J(X + 1) 
Cochran's >0.05 

d) Analysis of Uca abundance 

Uca 
All 

Factor df MS F 
Mangrove (Ma) 1 16.63 3.29 
Site Type (ST) 2 135.96 26.89*** 
Site No. (SN) 24 24.50 
Microhabitat (Mi)2 555.03 
Ma x ST 2 13.18 

4.85*** 
109.79*** 

2.61 
Ma x Mi 2 11.03 2.18 
ST x Mi 4 116.33 23.01*** 
SN x Mi 48 19.55 
Ma x ST x Mi 4 10.65 
Residual 180 0.11 

3.87*** 
2.11 

Transform 
Cochran's 

none 
>0.05 

Sesarmids 
Large AU 

MS F MS F 
0.00 0.01 0.30 0.19 
0.35 4.08* 81.14 52.67*** 
0.32 3.72*** 9.91 6.44*** 
1.57 18.12*** 71.51 46.41 *** 
1.97 22.77*** 23.54 15.28*** 
0.19 2.16 0.13 0.09 
0.34 3.89*** 31.39 20.37*** 
0.17 2.02*** 4.80 3.11*** 
0.31 3.64*** 4.74 3.08* 
0.09 1.54 

XO.25 none 
>0.05 >0.05 
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Fig. 3.8 

The effect of microhabitat, site type and creek type on apparent abundance of (A) U 

flammula, (B) U elegans, (C) U signata, and CD) small and (E) large sesarmids. 

Each bar represents the mean of 15 counts from O.56m2 quadrats, the error bars give 

+ 1 SE. Microhabitats are represented thus: open bars = clearing; shaded bars = edge; 

and filled bars = forest. 



12 

,. 

,. 
" 
12 

,. 

N 

E ,. 
:g 12 

0 '. 
s..1 
(I). 
0., 
tn • 
.c 
CIl 
s.. 

(.) 

(A) U. fJammuJa 

" 
" 
" 

(8) U. eJegans 

" 
12 

10 

(C) U. signata 
16 

" 
12 

,. 

(0) Small Sesarma 

(E) Large Sesarma 

Creek banks Muddy sites Loamy sites Creek banks Loamy sites 

Ludmilla Creek Inner Harbour 



Table 3.10 Relationships between environmental variables and Uca 
abundance at Ludmilla Creek and the inner Harbour 
mangroves 

Correlation coefficients (r-values) are given for the relationships between 
environmental variables and Uca abundance. For correlations with area n = 30; leaf 
litter and debris n = 18; others n = 90. The slopes of the regressions were compared 
between the sexes of Uca. F-values are given for the parallelism test (P). 

a) U. flammuJa 

Env. Variables Male (r) Female (r) P 
Percentage Shade 0.22* 0.22* 0.05 
Soil Moisture Spring 0.17 0.05 0.80 
Soil Moisture Neap 0.33** 0.24* 0.89 
Soil Pen. Spring -0.13 -0.18 0.04 
Soil Pen. Neap 0.27** 0.14 1.28 
Soil Organic Content 0.04 -0.10 0.86 
Root Depth -0.40*** -0.33** 0.81 
Temp. in Soil 0.20 0.19 0.07 
Temp. on Soil -0.05 -0.10 0.06 
Height -0.55*** -0.48*** 0.82 
Area -0.16 -0.16 0.01 
Leaf litter -0.30 -0.26 0.06 
Debris -0.25 -0.23 0.03 
Soil Mounds -0.02 -0.02 0.09 
Peg Roots 0.41 *** 0.34** 0.97 



b) U. signata 

Env. Variables Male (r) Female (r) P 
Percentage Shade -0.22* -0.32** 0.19 
Soil Moisture Spring -0.30** -0.34** 0.00 
Soil Moisture Neap -0.19 -0.24* 0.02 
Soil Pen. Spring -0.25* -0.23* 0.12 
Soil Pen. Neap -0.14 -0.21 * 0.09 
Soil Organic Content -0.10 -0.07 0.08 
Root Depth 0.21* 0.35** 0.50 
Temp. in Soil -0.08 -0.01 0.26 
Temp. on Soil 0.25* 0.36*** 0.20 
Height 0.15 0.22** 0.12 
Area -0.17 -0.15 0.02 
Leaf Litter 0.50* 0.62** 0.03 
Debris -0.16 -0.08 0.07 
Soil Mounds -0.18 -0.23* 0.01 
Peg Roots -0.12 -0.24* 0.37 

c) U. elegans 

Env. Variables Male (r) Female (r) P 
Percentage Shade -0.54** -0.62*** 5.38 
Soil Moisture Spring -0.32** -0.42*** 0.03 
Soil Moisture Neap -0.43*** -0.58*** 4.53 
Soil Pen. Spring -0.08 -0.04 3.15 
Soil Pen. Neap -0.30** -0.46*** 2.57 
Soil Organic Content -0.26* -0.34** 0.81 
Root Depth 0.40*** 0.57*** 3.66 
Temp. in Soil 0.24* 0.25* 2.80 
Temp. on Soil 0.40*** 0.44*** 0.21 
Height 0.18 0.31 ** 1.45 
Area 0.04 0.04 2.74 
Leaf Litter 0.22 0.02 0.00 
Debris -0.31 -0.36 0.89 
Soil Mounds -0.19 -0.39*** 1.50 
Peg Roots -0.13 -0.28** 0.71 
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Table 3.11 Relationships between environmental variables and 
abundance of different Uca species at Ludmilla Creek 
and the inner Barbour mangroves 

Correlation coefficients (r-values) are given for the relationships between 
environmental variables and crab abundance. For correlations with area n = 30; leaf 
litter and debris n = 18; others n = 90. The slopes and intercepts of the regressions 
were compared between Uca species. F-values are given for the parallelism test (P) 
and for analysis of co-variance (I), where appropriate. Cochran's test was not 
significant (P> 0.05) for log transformed data. 

Environm. Variables fla. (r) sig.(r) eL (r) P I 
Percentage Shade 0.23* -0.27** -0.64*** 28.12*** -
Soil Moisture Spring 0.13 -0.34** -0.41*** 12.69*** -
Soil Moisture Neap 0.32** -0.21* -0.56*** 23.69*** -
Soil Pen. Spring -0.15 -0.23* -0.06 1.96 2.07 
Soil Pen. Neap 0.24* -0.16 -0.42*** 13.17*** -
Soil Organic Content -0.01 -0.08 -0.33** 2.97 2.06 
Root Depth -0.39*** 0.29** 0.54*** 29.50*** -
Temp. in Soil 0.21* -0.06 0.27** 2.45 2.05 
Temp. on Soil -0.08 0.30** 0.47*** 10.86*** -
Height -0.57*** 0.17 0.25* 17.62*** -
Area -0.17 -0.16 0.00 0.98 3.19* 
Leaf Litter -0.31 0.10 0.11 0.89 2.06 
Debris -0.26 -0.18 -0.22 0.84 2.22 
Soil Mounds -0.02 -0.20 -0.32** 3.15* 
Peg Roots 0.41 *** -0.18 -0.23* 12.75*** -



Fig. 3.9 

Regression of Uca abundance on the following environmental variables: temperature 

on and in soil, height, number of peg roots and soil mounds, and soil organic content. 

Each point represents values for one microhabitat. Data for the sexes were pooled, as 

this factor was not significant in the analysis of covariance (see Table 3.10). Species 

are represented thus: open squares, solid line = U. jlammula; filled circles, dashed 

line = U. elegans; and triangles, dotted line = U. signata. 



percentage shade, soil moisture and penetrability (during neap tides), temperature in 

the soil and peg roots, but negatively correlated with root depth and height. Uca 

eZegans abundance was positively correlated with root depth, temperature on soil 

surface and height, but negatively correlated with percentage shade, soil moisture 

during spring and neap tides, soil penetrability during neap tides, soil mounds, and 

peg roots. Uca signata abundance was positively correlated with root depth and 

temperature on soil surface, but negatively correlated with percentage shade, soil 

moisture during spring and neap tides, and soil penetrability during spring tides. 

Uca abundance was plotted at different values of soil penetrability, height, peg roots 

and soil temperature in the soil (Fig. 3.11). Uca signata abundance tended to be 

greater in areas with medium penetrability during neap tides, medium number of peg 

roots and cooler soil. The tendency was for U. jlammuZa to be abundant and U. 

eZegans rare in areas with many peg roots, yet the reverse was seen in areas with no 

peg roots. Uca jlammuZa abundance tended to be greater at lower elevations, whereas 

abundance of the other two species tended to be greater at higher levels. 

With the exception of four variables-temperature in soil, area, leaf litter and 

debris-all other environmental factors were significantly correlated with sesarmid 

abundance (Table 3.12). Slopes varied with the sizes of sesarmids for the regression 

between abundance and soil moisture during spring and neap tides, soil penetrability 

during neap tides, soil organic content and height. Sesarmid abundance was 

positively correlated with percentage shade, soil moisture, soil penetrability, organic 

content, soil mounds and peg roots, but negatively correlated with root depth, 

temperature on the soil surface and height (Figs. 3.12-3.13). 



Fig. 3.11 

The effect of soil penetrability during neap tides, number of peg roots, height and 

temperature in the soil on Uca abundance. Counts of crabs are per 0.56 ~, and the 

figure above each point is the number of microhabitats sampled. Error bars give ±1 

SE. Species are represented thus: open squares, straight line = U. flammula; filled 

circles, dashed line = U. elegans; and triangles, dotted line = U. signata 
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Table 3.12 Relationships between environmental variables and 
sesarmid abundance at Ludmilla Creek and the inner 
Harbour mangroves 

Correlation coefficients (r-values) are given for the relationships between 
environmental variables and sesarmid abundance. For correlations with area n = 30; 
leaf litter and debris n = 18; others n = 90. The slope and intercept of the regressions 
were compared between the sizes of sesarmids. F-values are given for the parallelism 
test (P) and for analysis of co-variance (I), where appropriate. Cochran's test was 
significant for X 0.25 transformed data (0.01 < P <0.05), therefore the significance 
level for ANCOVA was increased to 0.01. 

Env. Variables Small (r) Large (r) P I 
Percentage Shade 0.46*** 0.27** 6.38 88.03*** 
Soil Moisture Spring 0.52*** 0.30** 7.42** 
Soil Moisture Neap 0.58*** 0.33** 15.69*** 
Soil Pen. Spring 0.31 ** 0.23* 0.75 15.69*** 
Soil Pen. Neap 0.50*** 0.36** 8.30** 
Soil Organic Content 0.28** 0.19 3.84 74.74*** 
Root Depth -0.48*** -0.28** 7.12** 
Temp. in Soil 0.02 -0.18 0.06 71.66*** 
Temp. on Soil -0.28** -0.25* 4.80 82.08*** 
Height -0.33** -0.04 9.70** 
Area -0.19 -0.06 1.31 18.54*** 
Leaf Litter 0.06 -0.21 0.26 7.10 
Debris 0.39 0.17 0.48 7.80** 
Soil Mounds 0.45*** 0.38*** 2.07 87.40*** 
Peg Roots 0.26* -0.02 7.04*** 



Fig. 3.12 

Regression of sesarmid abundance on the following environmental variables: 

temperature on and in soil; height; number of peg roots and soil mounds; and soil 

organic content. Each point represents values for one microhabitat. Sizes of 

sesarmids are represented thus: open squares, dotted line = small sesarmids; and 

filled circles, solid line = large sesarmids. 
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Fig. 3.13 

Regression of sesarmid abundance on the following environmental variables: root 

depth; soil moisture during spring and neap tides; percentage shade; and soil 

penetrability during spring and neap tides. Each point represents values for one 

microhabitat. Sizes of sesarmids are represented thus: open squares, dotted line = 

small sesarmids; and filled circles, solid line = large sesarmids. 
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It must be noted that although the relationships between crabs and environmental 

variables were often significant, the regressions showed a lot of scatter. In most cases 

r2 was usually small, r < 0.5, such that < 25% of variation was explained. Thus, most 

variation could not be explained by those environmental variables that were 

measured. 

With the exception of four variables-temperature in the soil, height, area of clearing 

and leaf litter-the slopes for the regressions between abundance and environmental 

variables, significantly varied between Uca and sesannids (Table 3.13). Slopes were 

opposite in direction for every variable-when sesannid abundance was negatively 

correlated with a factor, Uca abundance was positively correlated and vice versa 

(Figs. 3.14-3.15). 

The different Uca species were generally negatively correlated with each other. 

Slopes of the regressions did not vary significantly with sex of Uca (Tables 3.14a-

3.l4c). The abundance of Ujlammula was positively correlated with small 

sesannids but there was no significant relationship with large sesannids. 

For male and female Uca, ~ was higher when both environmental and crab data were 

included in the multiple regression analysis (Table 3.15). For all species, the 

significance of factors varied between the sexes and ~ was higher for females than 

for males. Uca jlammula abundance was best predicted by soil characteristics, U 

signata abundance by soil moisture and temperature on the soil, and U elegans 

abundance by percentage shade. 
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Table 3.13 Relationships between environmental variables and 
abundance of Uca and sesarmids at Ludmilla Creek and 
the inner Harbour mangroves 

Correlation coefficients (r-values) are given for the relationships between 
environmental variables and Dca and sesarmid abundance. For correlations with area 
n = 30; leaf litter and debris n = 18; others n = 90. The slope and intercept of the 
regressions were compared between crab groups. F-values are given for the 
parallelism test (P) and for analysis of co-variance (I), where appropriate. Cochran's 
test was not significant (P> 0.05) for log transfonned data. 

Environmental Variables Uca (r) Ses (r) P I 
Percentage Shade -0.52*** 0.47*** 66.86*** 
Soil Moisture Spring -0.51 *** 0.52*** 65.59*** 
Soil Moisture Neap -0.39*** 0.58*** 58.50*** 
Soil Pen. Spring -0.33** 0.33** 21.94*** 
Soil Pen. Neap -0.31 ** 0.52*** 36.96*** 
Soil Organic Content -0.27* 0.35** 16.63*** 
Root Depth 0.41 *** -0.48*** 50.51*** 
Temp. in Soil 0.16 -0.03 2.65 17.93*** 
Temp. on Soil 0.46*** -0.30*** 36.64 
Height 0.02 -0.29** 2.79 18.65*** 
Area -0.31 -0.18 0.06 80.38*** 
Leaf Litter -0.09 0.02 0.09 0.05 
Debris -0.41 0.39 4.94* 
Soil Mounds -0.41 *** 0.48*** 44.17*** 
Peg Roots -0.13 0.22* 4.45* 



Fig. 3.14 

Regression of crab ablUldance on the following environmental variables: temperature 

on and in soil; height; nwnber of peg roots and soil mounds; and soil organic content. 

Each point represents values for one microhabitat. Crab groups are represented thus: 

open triangles, dotted line = Uca; and filled diamonds, straight line = sesarmids. 
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Fig. 3.15 

Regression of crab abundance on the following environmental variables: root depth; 

soil moisture during spring and neap tides; percentage shade; and soil penetrability 

during spring and neap tides. Each point represents values for one microhabitat. Crab 

groups are represented thus: open triangles, dotted line = Uca; and filled diamonds, 

straight line = sesarmids. 
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Table 3.14 Relationships between Uca and sesarmid abundance at 
Ludmilla Creek and the inner Harbour mangroves 

Correlation coefficients (r-values) are given for the relationships between the 
abundance of different crab species within quadrats (n = 270). The slope and 
intercept of the regressions were compared between the sexes of Uca. F-values are 
given for the parallelism test (P) and for analysis of co-variance (I), where 
appropriate. Cochran's test was not significant (P > 0.05) for U jlammuZa and U 
eZegans data and square root transformed U signata data 

a) U. flammula 

Crab Male (r) Female (r) P I 
fIammula 
Male 
Female 0.62*** -
All 0.91 *** 0.88*** 
signata 
Male -0.10 -0.14* 0.10 0.16 
Female -0.20** -0.21 * 0.06 0.17 
All -0.16** -0.19** 0.00 0.17 
elegans 
Male -0.22*** -0.22*** 0.15 0.17 
Female -0.23*** -0.23*** 0.08 0.17 
All -0.24*** -0.24*** 0.13 0.17 
Sesarmids 
Small 0.31 *** 0.26*** 1.15 0.18 
Large 0.01 0.06 0.19 0.16 
All 0.28*** 0.24*** 0.67 0.17 



b) U. signata 

Crab Male (r) Female (r) P I 
jlammula 
Male -0.10 -0.20* 1.40 1.20 
Female -0.14* -0.21 * 0.55 1.22 
All -0.13* -0.23*** 1.19 1.22 
signata 
Male 
Female 0.70*** -
All 0.93*** 0.91*** 
elegans 
Male -0.12 -0.01 1.46 1.18 
Female -0.11 0.02 2.19 1.18 
All -0.14* -0.05 1.01 1.19 
Sesarmids 
Small -0.21 *** -0.28*** 0.23 1.25 
Large -0.11 -0.16** 0.24 1.20 
All -0.22*** -0.29*** 0.31 1.25 

c) U. elegans 

Crab Male (r) Female (r) P I 
jlammula 
Male -0.22*** -0.23*** 0.00 0.02 
Female -0.22*** -0.23*** 0.01 0.02 
All -0.24*** -0.26*** 0.00 0.02 
signata 
Male -0.12 -0.11 0.01 0.02 
Female -0.01 0.02 0.07 0.02 
All -0.07 -0.05 0.03 0.02 
elegans 
Male 
Female 0.76*** -
All 0.89*** 0.86*** 
Sesarmids 
Small -0.38*** -0.39*** 0.00 0.02 
Large -0.17** -0.17** 0.00 0.02 
All -0.38*** -0.39*** 0.01 0.04 



Table 3.15 Multiple regression of other crab species and 
environmental variables on crab abundance at Ludmilla 
Creek and the inner Harbour mangroves 

Regression coefficients (beta coefficients) are given for the variables in the analyses, 
(n= 270). 



U.Jlammula U. sigllata U. elegalls 
Male Female All Male Female All Male Female All 

Variable r r r 
U. Jlammula Male -0.10 -0.12 -0.10 0.05 0.00 -0.02 
U. Jlammula Female -0.23 -0.31 -0.28 -0.15 -0.02 -0.09 
U. sigllata Male 0.00 0.013 0.01 -0.26 -0.38** -0.28 
U. sigllata Female -0.24 0.28 -0.28 0.08 0.18 -0.01 
U. eiegalls Male -0.02 -0.08 -0.05 -0.13 -0.08 -0.13 
U. elegalls Female -0.01 0.01 0.01 -0.37* -0.14 -0.22 
U. It irsutim all us All 0.14 0.29** 0.21* 0.07 0.16 0.12 -0.12 -0.05 -0.05 
Sesarmids Small 0.22 0.19 0.25 -0.10 -0.07 -0.04 -0.00 -0.21 -0.13 
Sesarmids Large -0.05 -0.02 -0.04 -0.07 -0.09 -0.09 -0.10 0.05 0.02 
Percentage Shade -0.02 0.21 0.06 -0.26 -0.01 -0.14 -0.70*** -0.46** -0.51** 
Soil Moisture Spring -0.11 -0.37 -0.27 -0.50 -0.83** -0.86** 0.27 0.24 -0.02 
Soil Moisture Neap 0.54 0.91 ** 0.75** 0.51 1.00** 0.78* -0.66 -0.60* -0.47 
Soil Pen. Spring -0.31 * -0.26* -0.29** -0.20 -0.19 -0.15 -0.04 0.12 0.06 
Soil Pen. Neap 0.02 -0.28 -0.10 0.23 0.04 0.17 0.34 0.14 0.11 
Soil Organic Content -0.30 -0.42** -0.36* -0.10 0.04 0.05 -0.08 -0.01 0.06 
Root Depth -0.05 0.23 0.09 0.04 0.27 0.17 -0.33 -0.14 -0.15 
Temp in Soil -0.15 -0.10 -0.13 -0.24 -0.19 -0.23 0.09 0.15 0.06 
Height -0.23 -0.33* -0.29 0.09 0.10 0.08 0.04 0.11 -0.01 
Temp on Soil 0.30* 0.14 0.22 0.31* 0.34* 0.30* 0.08 -0.01 -0.07 
Soil Mounds -0.14 -0.09 -0.13 -0.13 -0.11 -0.11 0.07 -0.10 -0.09 
Peg Roots 0.13 -0.01 0.08 0.06 -0.02 0.03 0.13 0.06 0.01 

r2 r2 r2 
All variables 0.55*** 0.64*** 0.64*** 0.41 ** 0.49*** 0.47*** 0.48*** 0.63*** 0.55*** 
Abiotic variables only 0.47*** 0.51*** 0.51*** 0.27* 0.38*** 0.35*** 0.42*** 0.56*** 0.49*** 
Crab numbers only 0.14** 0.12** 0.16*** 0.11 *** 0.13** 0.14*** 0.21 *** 0.22** 0.26*** 



Discussion 

This study has demonstrated that in the upper intertidal zone of Darwin Harbour 

mangroves the distribution of different Uca species varies with respect to some local 

environmental variables. Crab abundance and distribution varied slightly between the 

two creeks but this may be because the inner Harbour mangrove sites were generally 

lower than were those at Ludmilla Creek. Nine factors showed different relationships 

with the abundance of different crab species. As in other studies (Teal 1958; Icely 

and Jones 1977; Frith and Brunenmeister 1980), different factors are likely to be 

more important to different species. Therefore, it may be more appropriate to have 

alternative models to explain the distribution of each species. 

The distribution of V. jlammula and U. elegans varied according to tidal elevation 

and microhabitat. Uca jlammula was abundant in creek banks, but was less abundant 

at higher elevations where it was found in, or near, the forest. It was found in habitats 

that were shady, tended to have peg roots, a shallow root mat, and a sofier, wetter 

soil especially during neap tides. Uca elegans was found in the centre, and 

sometimes the edges, of flat clearings at greater than 6.0 m tidal height. These areas 

had little shade, a deep root mat, few peg roots, few soil mounds, and soil that was 

hotter, drier, and harder during neap tides. Sesarmids were found in shaded areas. 

The influence of shade on V. signata distribution depended upon tidal elevation-V. 

signata were abundant at the clearings of creek banks, the clearing and edge of 

muddy sites, and the forest and edge of loamy sites. Generally, U. signata had a 

wider, distribution than U. elegans. In comparison with V. elegans, U. signata 

inhabited areas that had some shade, and a harder soil during spring tides and wetter 

soil during neap tides. Uca hirsutimanus and V. capricornis were abundant at lower 
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levels, but were seen in wetter creek banks and channels at higher elevations (George 

and Jones 1982; pers. obs.). 

Food is unlikely to be limited for deposit-feeding crabs (Miller 1961; Warner 1969), 

as the mangrove soil is organically rich (Odum and Heald 1975). Saltmarsh Uca 

species maybe food limited (Genoni 1985), yet food has little influence on their 

distribution (Teal 1958). Organic concentrations greater than 1 % are optimal for Uca 

feeding (Reinsel and Rittschof 1995). Although organic content increased from 

clearing to forest, all sites had a soil organic content higher than 10%. However, food 

limitation as an important factor for crab distribution should not be dismissed on the 

basis of crude measures of organic content. 

Uca flammula were found on soft soil. Therefore, burrow longevity may be reduced, 

which could pose problems for animals that require a permanent burrow (Bertness 

and Miller 1984). The burrows of U flammula were often found near peg roots, and 

where the root mat is shallow, perhaps because this could give burrows structural 

support (Bertness and Miller 1984; Kurihara et at. 1989; Genoni 1991; Ewa-Oboho 

1993). Some ocypodids may burrow close to peg roots because they forage on them 

(Wada and Wowor 1989), but this does not appear to be the case for Uflammula 

(pers. obs.). At lower levels, the mud is very soft and all U capricornis burrows, 

irrespective of size, were associated with peg roots. Larger U flammula burrows 

were more likely to be near peg roots probably because small burrows require less 

support than larger ones in soft soil (Bertness and Miller 1984). Support for burrows 

may be more important to these two species because they are the largest Uca species 

found in Darwin Harbour (Hagen and Jones 1989) and usually burrow in soft soil. 

Uca are usually only active when the soil is wet. At such times soil softness varies 
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little between tidal elevations within the upper intertidal zone. Therefore, larger crabs 

may still require support for their burrows regardless of higher levels. This may 

explain why U. flammula were rarely seen in high level clearings-their burrows 

would not have structural support. 

Uca flammula were found in shady habitats. If shade per se were important to U 

flammula, its abundance at creek banks would be matched at the edge and forest 

microhabitats of higher elevations, where shade levels were similar to those at creek 

banks, but this was not the case. In addition, personal observations show that U 

flammula occur on exposed creek banks. Temperature may be important because the 

soil is cooler under the canopy, yet U flammula abundance increases with increasing 

temperature of soil at a depth of 15 cm. In addition, surface temperatures in high 

level clearings, where U. flammula are rarely seen, did not exceed 36°C. These were 

recorded during the midday period at spring low tides, when they are likely to be at 

their maximum, and Uca are at their most active. Upper lethal temperatures are much 

higher than this for other tropical Uca (Edney 1961; Macintosh 1978). Thus, while 

such evidence suggests that high temperatures do not restrict U flammula from 

clearings, it cannot be ruled out-different surfaces receiving the same amount of 

sunlight may attain quite different temperatures, and lethal temperatures may vary 

between species (Vemberg 1984). 

Uca need access to water in order to respire and thermoregulate (Wilkens and 

Fingerman 1965; Smith and Miller 1973). In vegetated habitats, retreating to the 

burrow or moving into the shade are the most effective ways to change body 

temperature (Smith and Miller 1973) and species living in wetter habitats tend to 

have a faster transpiration rate than 'more terrestrial' species (Edney 1961). Uca 
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flammula may be more susceptible to desiccation than other species, which would 

restrict them to damp substrates usually found in the shade. Uca flammula is a 

member ofthe subgenus Deltuca which depend more on continuously damp 

substrates than most other species (Crane 1975). Findings ofthe present study agree 

because U. flammula were less abundant in those areas where the soil dried during 

neap tides. 

Uca flammula live where there is an impenetrable root mat that is usually between 

10-30 cm below the surface in these mangrove habitats (Fig. 3. 5b). These crabs are 

relatively inactive (Crane 1975; Chapter 4), and are likely to spend less time building 

or maintaining burrows. This suggests their burrows may be shallow. Uca 

periodically replenish their water supplies from water at the bottom of their burrows 

(Wilkens and Fingerman 1965; Macintosh 1978), and shallow burrows are less likely 

to penetrate the water table (Klaassen and Ens 1993). At higher elevations, although 

substrates remain soft during spring tides when crabs are active, they tend to be much 

drier, and the water table will be lower. This may pose problems for a species that is 

less tolerant to desiccation and explain their reduced abundance with increasing tidal 

height. 

Uca elegans may tolerate the hot, dry conditions in areas in which they are found, by 

physiological adaptation and behavioural thermoregulation. Body temperature is 

lowered by transpiration, and this depends upon the saturation deficit so will increase 

in drier, windier air (Edney 1961; Wilkens and Fingerman 1965; Powers and Bliss 

1983; Klaassen and Ens 1993). From clearing into forest relative humidity increases, 

and wind speed and water loss decrease (Smith and Miller 1973; Lasiak and Dye 

1986; McGuinness 1997b). Therefore, evaporative cooling may be more effective in 
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non-vegetated areas (Smith and Miller 1973). Some tropical Uca have lower body 

temperatures in clearings than they do when they are near trees (Edney 1961). To 

increase cooling, active Uca could moisten themselves with water from the bottom of 

their burrows more frequently (Wilkens and Fingerman 1965; Macintosh 1978) or 

increase their rate of setal pressing against the wet substrate (powers and Bliss 1983). 

Crabs in higher unshaded areas have higher lethal temperatures, different 

transpiration rates, and metabolic adaptations to higher temperatures and extended 

dry periods (Edney 1961; Macintosh 1978; Crane 1975). The female U. elegans 

carapace sometimes whitens, and the colour of a population tends to be lighter in 

sandier habitats where surface temperatures are higher (pers. obs.). Changes in body 

colour may help to deflect solar radiation and lower body temperature (Wilkens and 

Fingennan 1965). 

While it is interesting to consider mechanisms that may enable U. elegans to 

withstand such extremes and difficulties, they do not adequately explain the observed 

distribution of U. elegans (i.e. Why do they live in hot, dry places?). Temperature 

and moisture levels in the forest, or at lower levels, are unlikely to be prohibitive to 

U. elegans. Although soil temperatures are lower in the shade, temperatures below 

lOoC are lethal to tropical Uca (Edney 1961; Vernberg 1984), and forest 

temperatures far exceed this. At higher elevations of Ludmilla Creek, moisture levels 

during spring tides do not differ between microhabitats, and observations suggest 

that U. elegans will cease feeding and seal themselves inside their burrows when the 

surface soil is no longer saturated. Furthermore, burrows supported by root structures 

are likely to require less maintenance (Bertness and Miller 1984). Therefore 

hypothetically, U. elegans should be able to tolerate, and perhaps even be better off, 

living in cooler, damper conditions where the soil has a dense root mat, such as is 
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found in the forest. However, this species is rarely found in densely vegetated areas, 

suggesting that factors other than temperature and moisture levels are responsible for 

U. elegans distribution. 

Uca elegans abundance increased with decreasing number of soil mounds, peg roots 

and area of plant root coverage. Thus, areas they inhabited were flatter with fewer 

visual obstructions. Uca elegans may have complex social behaviour similar to 

Celuca (Salmon and Zucker 1987), which also frequently inhabit flat intertidal 

visually simple habitats (Zucker 1974, 1976, 1977, 1978, 1981; Christy 1983, 1987, 

1988a, 1988b; Backwell et al. 1995; Backwell and Passmore 1996). 

In a flat environment, a male chela waved during social display, would appear to rise 

above the horizon at crab eye height. In doing so, it would be particularly noticeable 

by Uca eyes because they are sensitive to vertical movement on the horizon (Zeil et 

al. 1986; Land and Layne 1995). Waving would be less conspicuous in the forest 

because the environment is visually complex and does not have a clearly defined 

horizon. Furthermore, although shade levels per se are probably not significant for U. 

flammula, this may not be so for U. elegans. Spectral sensitivity varies slightly 

between Uca species depending on shade levels in their habitats (Teal 1958; Hyatt 

1975), so Uca eyes could be adapted to certain light levels. The darker, visually 

complex forest may not be conducive to visual displays (Crane 1975), especially if 

crabs have 'bright-light adapted' eyes. In addition, preference for high intertidal 

levels increases their exposure time thereby allowing more time for social activities 

(Crane 1975). Thus, U. elegans may inhabit high flat clearings because they are more 

suitable than complex habitats for visual displays. 
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Uca signata was abundant in areas with a deeper root mat that had softer soil during 

spring tides. Their abundance was not correlated with the number of peg roots, which 

suggests that their burrows may not require additional support. Uca signata was the 

most widely distributed Uca species in terms of tidal elevation and microhabitat

they were found in all microhabitats above 6.0 m, and in shaded lower creek banks. 

ill muddy clearings, U. signata tended to be abundant away from the edge ofthe 

forest, yet were rare in the forest. However, in higher sandy clearings they were more 

abundant closer to the forest edge and were frequently seen in the forest. In areas 

with warmer surface temperatures, their distribution was similar to that of U 

elegans. Generally, U. signata were found in shadier areas than U. elegans, but more 

exposed areas than U. flammula. Abundance increased where soil was wet during 

neap tides, but dry during spring tides. Such soil would tend to have medium 

penetrability during neap tides, and in such areas, U. signata densities tended to be 

greater. 

Relationships between U signata abundance and factors pertaining to water and 

temperature tended to be intermediate to the other two species. This was reflected in 

the preference for the edge position at higher intertidal levels. Uca signata has a 

similar distribution in the mangroves of southern and eastern Australia-around the 

edges of open areas of the Ceriops zone, among plants if the canopy cover is 

incomplete, but not in the shade of bushes (Macnae 1966). For U signata, the 

highest near-lethal temperature is 42°C (Verwey 1930). If high temperatures were the 

only consideration, it would appear that U. signata could easily withstand conditions 

in the center of high clearings. 
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Larger crab species and individuals may be found higher up the intertidal zone 

(Warner 1969; Chakraborty and Choudhury 1992b), and smaller crabs are believed 

to be less resistant to desiccation than larger animals because of their greater surface 

area to volume ratio (Verwey 1930). Uca signata is smaller than the other two Uca 

species (Hagen and Jones 1989) and smaller males and females of U signata tend to 

be found in shadier, wetter areas (Macnae 1966; pers. obs.). It is therefore probable 

that, like U elegans, U signata can withstand high temperatures but, like U 

flammula, is less able to tolerate such dry conditions, particularly to the extent of U 

elegans. In addition, U signata maybe somewhat socially advanced (Crane 1957, 

1975; Zann 1979) which may be reflected in their preference for more open areas at 

higher elevations. 

Interspecific differences in spatial distribution could arise if predation risk is greater 

for some species in particular habitats-i.e. differential predation. Aquatic predators 

dig Uca out of the mud and their activity is probably greater in areas that occur in the 

lower intertidal zone, and close to creek banks, regardless of canopy cover or prey 

size (Teal 1958; Brewer and Warburton 1992). Terrestrial predators also prey upon 

underground Uca (McNeil and Rompre 1995; Pandav and Choudhury 1996). Root 

mat depth, number of peg roots, and burrow depth may alter the predators' ability to 

find the crabs (Salmon 1984a; Heck and Wilson 1987; Brewer and Warburton 1992; 

Klaasen and Ens 1993). Nevertheless when crabs are underground, different species 

in the same microhabitat are likely to be preyed upon similarly by these types of 

predators. 

If predation risk differs between species, it is most likely to occur when Uca are 

active. Submerged crabs on the surface are very susceptible to predation (Warren 
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1990b). In saltmarsh habitats, one Uca species forages underwater for a brief period 

while another returns to the burrow before submergence, which may explain the 

reduced abundance ofthe former species at lower levels (Teal 1958). The Uca 

species examined in the present study return to, and seal, their burrows before 

submergence (pers. obs.). 

Differential predation by terrestrial predators that prey on active Uca in Darwin 

Harbour including birds and snakes (pers. obs.) would be difficult to quantify, 

because the effects of highly mobile intermittent predators are hard to demonstrate 

(Edwards et al. 1982). Some birds may prefer different size classes of crabs (Boshe 

1982; Ens et al. 1993; Klaassen and Ens 1993), and the Uca species examined in this 

study differ in size (Hagen and Jones 1989). Interspecific differences in Uca visual 

discrimination-and thereby predator detection-in different habitats may change 

Uca anti-predator behaviour. Visual predators may favour certain combinations of 

invertebrate colour patterns and anti-predator behaviour (Forsman and Appelqvist 

1998), and as a result may influence spatial distribution of Uca. 

Territorial behaviour of grapsids can influence distributional pattems of grapsids 

(Seiple and Salmon 1982; Frusher et al. 1994) and ocypodids (Kurihara et al. 1989). 

Sesarmids rarely kill, but do regularly harass Uca (pearse 1912; Crichton 1960; pers. 

obs.). Sesarmids were abundant in the shade, with burrows close to Ceriops roots 

(Macnae 1966, 1968; this study), whereas Ujlammula burrowed in areas away from 

these roots. Uca elegans and U signata were more abundant closer to the forest at 

higher elevations where sesarmids were less abundant, and large U. signata were 

rarely seen at lower creek banks. Although there are alternative explanations, such 

patterns may be a result of sesarmid competition or predation. Differential sesarmid 
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predation on different species of Uca is likely because Darwin Uca species vary in 

size (Hagen and Jones 1989). 

In other regions competition may occur between Uca species (Teal 1958; Kervvin 

1971; Frith and Brunenmeister 1980), but George and Jones (1984) saw no evidence 

of this in the mangroves of northern Australia. Results of multiple regression

negative correlation between male U. signata and female U. elegans-and the spatial 

distributions documented in this chapter suggest that competition between species 

may be a significant factor in their distribution. 

Uca species are more spatially isolated in mangroves than in other habitats (Frith and 

Brunenmeister 1980; Christy and Salmon 1984). Each species investigated in this 

study appeared to occupy a different microhabitat, and physical factors seemed to 

playa major role in determining their distribution. However, both sesarmids and Uca 

are abundant in Australian mangroves (Davie 1982, 1994; George and Jones 1982; 

Hutchings and Recher 1983; Jones 1984), presumably because tropical mangroves 

provide a wide range of faunal microhabitats (Macnae 1968; Sasekumar 1974; 

Rodriguez, 1975). Results do not rule out the possibility that competition from or 

predation by sesarmids, and competition between Uca species could also be 

significant factors in determining Uca distribution. 
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COMPARING SPATIAL AND TEMPORAL VARIATION IN THE 

BEHAVIOUR OF UCA 

Introduction 

Changes in the environment can alter physiological and morphological responses of a 

population and thereby the genetic structure, but the immediate response is for 

individuals to alter their behaviour. The aim of the present study was to examine the 

surface activity of Uca in relation to various environmental, and temporal and spatial 

factors. 

The species that were observed live in the upper intertidal zone. Uca flammula co

exists with sesarmids in a complex forest environment, and U elegans and U. 

mjoebergi may live sympatrically in flat clearings (George and Jones 1982; Hagen 

and Jones 1989). Comparison of surface activities between and within species may 

help in understanding how changes in biotic and abiotic factors could affect Uca 

behaviour. 

Behavioural differences between ocypodids and sesarmids may be important in 

canopy gap regeneration in mangrove forests (Osborne and Smith 1990). Differences 

may be particularly significant in the upper intertidal zone where sesarmid 

abundance, and their turnover ofleaflitter, is greatest (George and Jones 1984; 

Robertson and Daniel 1989b; Osborne and Smith 1990; Lee 1998). While sesarmid 

predation on mangrove leaves and propagules has been well studied (Robertson 

1986; Robertson and Daniel, 1989b; Camilleri 1989, 1992; Micheli 1993b; Smith et 



al. 1991; McGuinness 1997a), infonnation on the behaviour of Australian Uca is 

limited, despite their abundance (but see Hagen 1993; Salmon 1984a). 

To date, the behaviour of the species examined in the present chapter has not been 

studied. The most appropriate method for an exploratory study on behaviour, 

especially for animals in groups, is to record the amount of time animals spend on 

different activities (Altmann 1974). This method was used to construct time budgets 

of surface activities. Individual time budgets on different Uca species in the field 

have not been examined, although comparisons have been made within and between 

popUlations ofa single species (Hyatt 1977; Zucker 1976; Murai et al. 1983; Christy 

1988a; Caravello and Cameron 1991). Rarely has such infonnation been correlated 

with environmental variables (but see Zucker 1976). 

Uca exhibit complex behaviour patterns and the surface activities of species from 

other regions have been well documented. Sexual behaviour of Uca has been studied 

in North America (Crane 1943; Salmon 1965; Hyatt 1977; Greenspan 1980; Christy 

1982a, 1982b, 1983; Salmon and Hyatt 1983; Christy and Salmon 1984), Panama 

(Zucker 1974, 1977, 1978, 1981, 1983, 1984, 1986; Zucker and Denny 1979; Christy 

1987, 1988a, 1988b; Christy and Schober 1994), South Africa (Backwell and 

Passmore 1996), Japan (Nakasone 1982; Nakasone et al. 1983; Murai et al. 1982, 

1983, 1987; Goshima and Murai 1988; Murai 1992), Thailand (Murai et al. 1995; 

Goshima et al. 1996), Taiwan (Severinghaus and Lin 1990), Malaysia (Murai et al. 

1996) and Australia (Hagen 1993; Salmon 1984a). Variations in this behaviour have 

been compared between species living in different regions (Crane 1975; Christy and 

Salmon 1984b; Salmon and Zucker 1987). 
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Other well studied Uca behaviours include combat (Crane 1967; Aspey 1971; Hyatt 

and Salmon 1978; Zucker 1981; Jennions and Backwell1996), feeding (Valiela et al. 

1974; Robertson et al. 1980; Nakasone 1982; Caravello and Cameron 1987a, 1987b; 

Weissburg 1992; Wolfrath 1992; Reinsel and Rittschof 1995), and anti-predator 

behaviour (Formanowicz and Brodie 1988; Frix et al. 1991; Cameron and Forward 

1993; Layne et al. 1997). Many studies have focused on the rhythmic nature of their 

activities-see review by Palmer (1991). 

Frequently observed surface activities of Uca include feeding, burrow retreat, 

combat and defense, and waving. Current knowledge on the effect of environmental 

factors on the most frequently observed behaviours of other Uca species will be 

briefly discussed. 

Feeding 

Although there are reports of some Uca species feeding on insects (Thurman 1984), 

other crabs (Teal 1958; Koga et al. 1995), macroalgae (Crane 1975; Nakasone 1982; 

Salmon 1987; Wada and Wowor 1989; Hootsmans et al. 1993) and mammalian 

faeces (Crane 1975), Uca are primarily deposit-feeders (Robertson et al. 1980; Jones 

1984). Material from the soil surface is scooped up in the minor chela and transferred 

to the mouthparts. 

A water flotation process in the buccal cavity separates material passed to the 

mouthparts-larger particles are discarded and everything else eaten (Miller 1961). 

Muddy substrates have fine particles and organic material is often in solution. Sandy 

substrates have much larger particles to which organic material adheres. Some Uca 

have modified mouthparts that allow them to feed on sand (Crane 1941; Icely and 

Jones 1977; Robertson and Newell 1982a, 1982b). They possess specialised setae 
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that scrape off the organic material so that the sand particles are discarded before the 

organic material is passed to the buccal cavity. Therefore, crabs that feed on sand 

consume fewer indigestible particles than crabs that feed on mud (Robertson and 

Newe111982a). 

Time constraints and amount of food are possible causes of food limitation in the 

biomass of some species of fiddler crabs (Genoni 1985). Feeding rate, time spent 

feeding and where crabs feed will depend upon several factors such as soil 

characteristics, popUlation density, predation pressure and tidal elevation-i.e. time 

available (Robertson et ai. 1980; Murai et ai. 1982, 1983; Salmon and Hyatt 1983; 

Christy and Salmon 1984; Salmon 1984; Genoni 1991; Ens et al. 1993; Reinsel and 

Rittschof 1995). Within popUlations the propensity to feed in herds at the water's 

edge varies with size and sex of the individual (Valiela et al. 1974; Nakasone 1982; 

Murai et al. 1983; Weissburg 1991, 1992; Ens et al. 1993). Some species take mud 

or algae into their burrows in response to low organic content of the soil, presumably 

to store food (Nakasone 1982; Salmon 1984). 

Burrow retreat 

When fiddler crabs are not active on the surface at low tide, they remain inside their 

burrows. The timing of surface activity is governed by the lunar cycle and by 

seasonal variation superimposed onto diurnal or semi diurnal tidal movement. 

Tropical species are active all year around but usually only during the day (Crane 

1975). Some ofthese may seal themselves inside burrows during the hottest part of 

the day (Crane 1941), while others remain in their burrows during periods of heavy 

rainfall (Zucker 1978; Christy 1988b). Temperate species maybe active all day and 

night during warmer weather and remain in their burrows during winter (Crane 1943, 
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1975; Salmon 1965; Knopf 1966; Powers and Cole 1976; Wolfrath 1993), and on 

cool spring days (Smith and Miller 1973). 

When active on the surface, crabs periodically return to their burrows and emerge a 

few minutes later. This serves to avoid predation and ecophysiological stress, and to 

replenish water supplies (Crane 1975; Montague 1980). Retreat frequency and 

amount oftime spent underground can depend upon predation risk, physical factors 

and time constraints (Smith and Miller 1973; Powers and Cole 1976; Macintosh 

1978; Caravello and Cameron 1991; Frix et al. 1991). 

Crabs may enter their burrows for a variety of other pwposes. Maintaining and 

repairing burrows involves carrying soil out ofthe burrow and the need for such 

behaviour may be significantly affected by soil type (Hyatt and Salmon 1978). 

Sexually receptive females sometimes 'sample' male burrows, where copUlation, 

incubation and extrusion of eggs may take place (Christy 1982a, 1983, 1987, 1988a; 

Murai et al. 1987; Backwell and Passmore 1996). 

Combat and defense 

Fiddler crabs maintain and defend territories around the burrow area (Crane 1975). 

Territories may be delimited by waving-the male major chela is raised and lowered 

(Crane 1975)-and possibly by standing in a statuesque pose known as 'posing' 

(Griffin 1968). In addition, males use their major chela as a weapon in combat and 

defense oftheir territory (Schone 1968). Intruders may be male (Crane 1967, 1975; 

Hyatt and Salmon 1978) or female (Salmon 1984a) conspecifics, other Uca (Aspey 

1971), or other animals (Crane 1975; Bildstein et al. 1989; Macintosh 1979; pers. 

obs.). 
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The length of a territorial dispute will depend upon the value of a burrow as a 

resource, which may vary according to its use (Christy 1982), cost to maintain (Hyatt 

and Salmon 1978) and the local population density (Crane 1941). Food levels can 

affect time spent fighting (Genoni 1991). 

The type of intruder may also have a significant affect on duration of combat. 

Conspecific female and juvenile burrows are tolerated closer than are those of 

conspecific males (Crane 1975; Frith and Brunenmeister 1980). Some species are 

frequently sympatric with others-e.g. U. lactea (Icely and Jones 1977; 

Severinghaus and Lin 1990)-and these males may tolerate a heterospecific burrow 

closer than that of a conspecific male (Crane 1941; Frith and Brunenmeister 1980). 

Others are rarely sympatric-e.g. U. tetragonon (Icely and Jones 1977) and U. 

subcylindrica (Thurman 1984). Some species may have limited or differential 

tolerance to other species-e.g. U. pugilator, U. minax and U. pugnax (Teal 1958; 

Aspey 1971, 1978) and U. urvillei (Frith and Brunenmeister 1980). 

Densities of some Darwin Harbour species reach about 15 per m2 (Nobbs and 

McGuinness 1999) and species in the Americas may reach 50-250 per m2 (Aspey 

1978; Montague 1980; Christy, 1988b). Long term, the cost of intraspecific 

competition may be quite high for intertidal ocypodids (Henmi 1992). Duration of 

fights may be reduced by crabs building structures near their burrows that help 

territorial defense (Zucker 1974, 1981; Christy 1988b; Wada 1994; Wada et ai. 

1994), or by filling in neighbours' burrows (Lighter 1974; Zucker 1977). Food levels 

may affect the numbers of pillars built by male crabs (Backwell et ai. 1995). 
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Waving 

Females may be courted in species-specific male waving displays (Crane 1975). 

Some species mate on the surface after brief courtship, while others mate 

underground after elaborate male displays. Waving is not essential for mating and its 

requirement may vary within populations of some species (Zucker 1983; Nakasone et 

al. 1983; Christy 1987; Murai et al. 1987; Salmon 1987; Salmon and Zucker 1987; 

Goshima and Murai 1988; Severinghaus and Lin 1990; Goshima et al. 1996; Murai 

et al. 1996). Local ecological conditions are probably a significant factor in 

determining male courtship techniques (Christy and Salmon 1984; Christy 1987; 

Salmon and Zucker 1987; Backwell and Passmore, 1996). 

The timing of reproductive behaviour may be affected by spatial and temporal 

variation in tides (Morgan and Christy 1994; Morgan 1994). Some species tend to 

wave at certain times of day or tidal cycle (Gordon 1958; Crane 1958; Zucker 1976, 

1978; Christy 1978), providing that weather conditions are suitable (Crane 1975; 

Zucker 1976, 1978; Severinghaus and Lin 1990). Species that exhibit seasonal 

breeding wave infrequently if at all at other times (Salmon 1965; Crane 1975; 

Wolfrath 1993). Temperature can affect the subcomponents of waving display 

(Salmon 1965; Doherty 1982). 

The waving of an individual may incite neighbours to wave, often in unison (Gordon 

1958), and displaying males often congregate on high ground (Hyatt and Salmon 

1978; Greenspan 1980; Zucker 1984). 
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Method 

Behavioural observations 

The aim ofthe observational sampling programme was to compare surface activities 

between species (Ujlammula, U. elegans and U mjoebergi), and between 

popUlations of the same species (u. elegans). The behaviour of individuals within a 

species may vary with sex (Valiela et al. 1974) and age and size (Hyatt 1977) of the 

individual. However, because time was limited, only large adult males were 

observed. As these species are not active at night (pers. obs), and U. elegans may not 

be active during neap tides, behaviour was only observed on the biggest spring tide 

days. Time of year (Caravello and Cameron 1987b, 1991) may also cause 

intraspecific variation in behaviour, however only one season was sampled due to 

time constraints. 

Uca behaviour was observed at three sites in Ludmilla Creek: the clearings of creek 

bank 1; muddy site 1; and sandy site 1. Behaviour was studied at each site for 5 days 

on spring tides during July-August 1996. Daily sampling occurred at different times 

because activities may vary over a day (Crane 1958; Eshky et al. 1995). 

The six hours when the tide was low in daylight were divided into three x two-hour 

periods: before; during; and after low tide. During each period, ten adult male U 

jlammula (creek bank), U. elegans (muddy site), and five U elegans and five U. 

mjoebergi (sandy site) were observed for 5 minutes. The time that each crab spent on 

various activities was recorded. Activities of each individual were classified as: 

feeding; waving; cleaning; maintenance (transporting mud into or out of burrows and 

digging); inactive (posing and pausing); in burrow; fighting conspecific males and 
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females; fighting sesannids; walking; and burrow plugging. The time in seconds that 

each crab spent doing three of the more frequent activities-feeding, in burrows and 

walking-were compared in the following analyses. 

Feeding data on the allopatric popUlations were adjusted (300 - x) and reclassified as 

non-feeding in order to accommodate the analysis. Data on allopatric populations 

were analysed by a three-factor ANOVA with the factors: Species [2 levels: U 

elegans and Uflammula]; Period [3 levels: before, during and after low tide]; and 

Day [5 levels, random and nested in Species]. Cochran's test was not significant (P> 

0.05) after data were transformed to log (X + 1). 

Data on the sympatric popUlations were analysed by a three-factor ANOVA with the 

factors: Species [2 levels: U. elegans and U. mjoebergi]; Period [3 levels: before, 

during and after low tide]; and Day [5 levels, random]. Cochran's test was not 

significant (P > 0.05) for non-feeding data and other data transformed to log (X + 1). 

Tukey's (HSD) tests (a = 0.05) were done to compare means after the ANOVAs. 

Chi-squared tests were done to determine if the total number of individuals of each 

species that performed each activity varied with period. Additional tests were done to 

determine ifthe numbers of crabs that did each of the behaviours over the three 

periods varied with crab species or, in the case of U elegans, with population. 

Apparent abundance 

Apparent abundance was measured at each site during the low tide period on those 

days that behaviour was observed, in order to examine the effect of crab density on 

behaviour. The number of male and female crabs which emerged from burrows 

within six haphazardly placed 0.56 m2 quadrats over a period of 10 min were 
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recorded. Counts of crabs seen in quadrats at each site were analysed by a one-factor 

ANOVA with the factor Day [5 levels, random] and by another with the factor Site 

type [3 levels: creek bank, muddy and sandy site]. At the sandy site, two species 

were recorded in each quadrat, therefore counts were further analysed by a two

factor repeated measure ANOV A with the factors: Species [2 levels, repeated 

measure: U elegans and U mjoebergi]; and Day [5 levels, random]. Cochran's test 

was not significant (p > 0.05) for both analyses. Chi-squared tests were done to 

determine if the total number of male and female crabs differed from an expected 

ratio of 1 : 1. 

Environmental variables 

Air temperature, relative humidity, soil moisture and organic content were measured 

in order to examine their possible effects on behaviour. During each period, air 

temperature and relative humidity were recorded at a height of approximately 1 m 

above the ground and a soil sample was taken and sealed in a plastic bag. Soil 

samples were taken to the laboratory for analysis. The soil was weighed and dried to 

a constant weight for approximately 2 weeks at 105 °C. The weight of the fraction 

lost in the drying was used as an estimate of percentage moisture. The dry soil was 

placed in a muffle furnace at 500 °C for 36 h. The ash-free dry weight was 

determined and the organic content was estimated as the weight of the fraction lost. 

Data were analysed by a two-factor ANOVA with the factors: Site type [3 levels: 

creek bank, muddy and sandy site]; and Day [5 levels, random and nested in Site 

type]. Data were further analysed by a two-factor ANOVA with the factors: Site type 

[3 levels: creek bank, muddy and sandy site]; and Period [3 levels: before, during and 
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after low tide]. Cochran's test was not significant (P > 0.05) for both analyses. 

Tukey's (HSD) tests (a = 0.05) were used to compare means after the ANOV A. 

At each site approximately 500 g of soil was collected and taken to the laboratory at 

''Ullman & Nolan (Geotechnic) Pty Ltd." to determine the size distribution of the 

particles. The soil was dried to a constant weight and then transferred to a large metal 

tray and soaked in water and Calgon (water softener) overnight. The sample was 

washed through a 0.075 mm sieve and the remaining soil dried to a constant weight. 

The dry weight of soil passing through a series of sieves was recorded and expressed 

as a percentage of the total weight. 

Correlations 

For each Uca popUlation the relationship between abundance and environmental 

variables on behaviour were detennined by correlation analysis. 
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Results 

Behavioural observations 

Time activity budgets of allopatric (Tables 4.1 a-4.1 b) and sympatric (Tables 4.2a-

4.2b) Uca populations indicate that individuals spent the majority of time feeding (> 

58%). Time spent feeding varied significantly between days for all populations 

(Tables 4.3a-4.3b). The trend was for U. flammula and U. elegans at the muddy site 

to spend more time feeding before low tide (Fig. 4.1). Time of day had no significant 

effect on time spent feeding for the species at the sandy site. 

The allopatric species, particularly U elegans, spent more time in burrows after low 

tide (Fig. 4.2; Table 4.3a). This pattern did not vary between days. Numbers of 

individuals that visited burrows did not vary with period for U flammula (Table 

4.4a), whereas they increased later in the day for U elegans at the muddy site (Table 

4.4b). No consistent pattern in burrow occupancy was seen at the sandy site-time in 

burrows varied between species and periods on different days (Fig. 4.2; Table 4.3a). 

Furthermore, numbers of individuals that visited burrows at the sandy site did not 

vary with time (Tables 4.5a-4.5b). 

Numbers of crabs maintaining burrows was similar for all species and this did not 

vary significantly between periods (Tables 4.4-4.5). 

Walking varied significantly between days for all species and the allopatric species, 

particularly U. elegans spent less time walking before low tide (Fig. 4.3; Tables 4.3a-

4.3b). The numbers of U. flammula that walked did not vary over the course of a day 

(Table 4.4a), but more U. elegans at the muddy site walked during the low tide 

period (Table 4.4b). No similar patterns were seen for the sympatric species (Tables 
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Table 4.1 Time budgets of allopatric crabs 

The table shows the percentage time an individual spent doing each behaviour during 
5 min observation in three periods: before; during; and after low tide, (n = 50). 

a) U.flammula 

Low Tide Period of Observation 
Before During After AIl 

Behaviour Mean SE Mean SE Mean SE Mean SE 
Feeding 77.6 3.5 70.5 4.8 58.3 5.0 68.8 2.6 
Waving 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 
Cleaning 1.9 0.5 1.4 0.4 1.2 0.5 1.5 0.3 
Maintenance 0.3 0.2 2.6 1.7 4.8 1.9 2.6 0.9 
Inactive 9.5 3.1 9.5 3.4 15.0 3.8 11.3 2.0 
In Burrow 3.3 0.8 5.0 1.4 8.2 2.3 5.5 0.9 
Fighting Males 0.4 0.2 4.3 2.1 2.0 0.8 2.2 0.8 
Fighting Females 0.3 0.2 0.1 0.1 0.1 0.1 0.2 0.1 
Fighting Sesarmids 0.5 0.3 0.1 0.1 0.0 0.0 0.2 0.1 
Walking 6.0 1.3 6.6 1.7 9.5 1.7 7.4 0.9 
Burrow Plugging 0.0 0.0 0.0 0.0 0.2 0.2 0.1 0.1 

b) U. elegans 

Low Tide Period of Observation 
Before During After AIl 

Behaviour Mean SE Mean SE Mean SE Mean SE 
Feeding 93.9 1.2 87.7 1.3 69.6 3.7 83.7 1.6 
Waving 0.2 0.1 0.3 0.1 0.7 0.2 0.4 0.1 
Cleaning 0.2 0.1 0.0 0.0 0.8 0.3 0.4 0.1 
Maintenance 0.3 0.2 0.7 0.3 2.5 1.4 1.2 0.5 
Inactive 0.6 0.3 1.2 0.4 8.1 2.7 3.3 0.9 
In Burrow 0.8 0.4 2.6 0.7 10.6 1.8 4.7 0.7 
Fighting Males 2.6 0.9 2.6 0.9 2.6 0.6 2.6 0.5 
Fighting Females 0.7 0.4 0.2 0.1 0.4 0.2 0.4 0.1 
Fighting Sesarmids 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Walking 0.7 0.3 5.0 0.9 4.1 0.9 3.3 0.5 
Burrow Plugging 0.0 0.0 0.0 0.0 0.4 0.2 0.1 0.1 
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Table 4.2 Time budgets of sympatric crabs 

The table shows the percentage time an individual spent doing each behaviour during 
5 min observation in three periods: before; during; and after low tide, (n = 25). 

a) U. elegans 

Behaviour 
Feeding 
Waving 
Cleaning 
Maintenance 
Inactive 
In Burrow 
Fighting Males 
Fighting Females 
Fighting Sesarmids 
Walking 
Burrow Plugging 

b) U. mjoehergi 

Behaviour 
Feeding 
Waving 
Cleaning 
Maintenance 
Inactive 
In Burrow 
Fighting Males 
Fighting Females 
Fighting Sesarmids 
Walking 
Burrow Plugging 

Low Tide Period of Observation 
Before During After 

Mean SE Mean SE Mean SE 
74.0 4.6 69.1 4.9 59.2 5.1 
6.4 2.0 4.7 0.9 2.9 0.4 
1.2 0.6 1.6 0.4 2.3 1.2 
1.9 1.1 1.5 0.7 1.4 0.6 
5.0 1.4 4.1 1.3 11.3 4.5 
3.9 1.0 7.8 1.4 11.3 1.6 
3.8 2.3 5.6 2.3 3.7 1.1 
0.0 0.0 0.5 0.3 0.6 0.6 
0.1 0.1 0.0 0.0 0.0 0.0 
3.2 1.3 4.8 1.3 4.9 1.6 
0.0 0.0 0.0 0.0 0.9 0.7 

Low Tide Period of Observation 
Before During After 

Mean SE Mean SE Mean SE 
69.6 5.1 63.9 4.7 61.5 5.1 
11.6 3.6 11.7 3.2 13.2 3.8 
1.6 0.6 2.2 0.8 1.0 0.5 
0.5 0.4 1.0 0.5 1.8 1.0 
1.0 0.6 5.4 2.0 2.4 0.7 
6.9 2.0 4.7 1.2 13.4 2.9 
2.9 1.0 3.0 0.9 1.4 0.6 
0.3 0.3 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 
5.1 1.2 6.5 1. 7 4.2 1.2 
0.0 0.0 0.0 0.0 0.0 0.0 
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All 
Mean SE 
67.4 2.9 
4.7 0.8 
1.7 0.5 
1.6 0.5 
6.8 1.7 
7.7 0.8 
4.4 1.1 
0.4 0.2 
0.0 0.0 
4.3 0.8 
0.3 0.2 

All 
Mean SE 
65.0 2.9 
12.2 2.0 

1.6 0.4 
1.1 0.4 
2.9 0.8 
8.3 1.3 
2.4 0.5 
0.1 0.1 
0.0 0.0 
5.3 0.8 
0.0 0.0 



Table 4.3 Analysis of variance of the time that individuals spent 
doing various behaviours 

The tables show the results of analyses 0 f the total amount of time that individuals 
spent on different types of behaviour during a 5-nrln observation period. 

a) AIIopatrie populations 

Behaviour data on ailopatric populations were analysed by 3F ANOV As with the 
following factors: Day [5 levels, random and nested in Species]; Period [3 levels: 
before, during and after low tide]; and Species [2: U elegans and U. flammula]. 
Cochran's test was not significant (P > 0.05) after data were transformed to log (X + 
1), (n = 10). 

Behaviour 
Non-Feeding In Burrow Walking 

Factor df MS F MS F MS F 
Day 8 14.70 7.18*** 2.57 1.05 16.23 7.98*** 
Period 2 48.73 11.06***34.03 11.58***16.90 5.49* 
Species 1 23.72 1.61 0.75 0.29 17.25 1.06 
Day x Species 16 4.41 2.15** 2.94 1.21 3.08 1.51 
Period x Species 2 13.18 2.99 23.94 8.15** 14.85 4.83* 

b) Sympatrie populations 

Behaviour data on sympatric populations were analysed by 3F ANOV As with the 
following factors: Day [5 levels, random]; Period [3 levels: before, during and after 
low tide]; and Species [2 levels: U elegans and U. mjoeberglJ. Feeding data were 
adjusted (300 - x) and reclassified as non-feeding. Cochran's test was not significant 
(P > 0.05) for non-feeding data and after other data were transformed to log (X + 1), 
(n= 5). 

Behaviour 
Non-Feeding In Burrow Walking 

Factor df MS F MS F MS F 
Day 4 46191.93 13.31* 4.85 2.34 24.78 19.87*** 
Period 2 14627.81 1.22 15.08 3.09 0.93 0.21 
Species 1 2002.03 0.17 6.13 0.73 4.01 0.33 
Day x Period 8 11981.93 3.45** 4.89 2.35* 4.52 3.63*** 
Day x Species 4 11885.76 3.42* 8.36 4.03** 12.19 9.78*** 
Period x Species 2 1923.85 0.35 4.46 0.90 2.68 2.57 
Day x Period x Species 8 5434.15 1.57 4.98 2.40* 1.04 0.83 



Fig. 4.1 

The effect of period and day on time spent feeding on the following populations: (A) 

U. jlammula; (B) U. mjoebergi; (C) U. elegans at the muddy site; and (D) U. elegans 

at the sandy site. Each bar represents the mean time spent feeding (in seconds) over a 

5-min observation period (n = ten male crabs). Error bars give + 1 SE. Observation 

periods are represented thus: open bars = before low tide; striped bars = during low 

tide; and filled bars = after low tide. 
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Fig. 4.2 

The effect of period and day on time spent in the burrow on the following 

populations: (A) U.flammula; (B) U. mjoebergi; (C) U. elegans at the muddy site; 

and (D) U. elegans at the sandy site. Each bar represents the mean time spent in the 

burrow (in seconds) over a 5-min observation period (n = ten male crabs). Error bars 

give + 1 SE. Observation periods are represented thus: open bars = before low tide; 

striped bars = during low tide; and filled bars = after low tide. 



-en ....... 

~ ... ... 
::s 
.0 
C 

Cl) 

E 
.... 

120 

100 

80 

60 

40 

20 

o 

120 

100 

80 

60 

40 

20 

o 

(A) U. flammula " Creek Bank" Allopatric (C) U. elegans " Muddy Site" Allopatric 
120 

100 

80 

60 

40 

20 

21 July 1 August 4 August 16 August 20 August 
0 

20 July 3 August 15 August 18 August 

(8) U. mjoeberg; " Sandy Site" Sympatric (0) U. e/egans " Sandy Site" Sympatric 
120 

100 

80 

60 

40 

20 

2 August 5 August 14 August 17 August 
o 

22 July 2 August 5 August 14 August 17 August 



Table 4.4 Activity budgets of allopatric crabs 

The table shows the total number (sum) and percentage (%) of crabs that performed 
each behaviour during 5 min of observation in three periods: before; during; and after 
low tide. Results of Chi-squared tests that determine if the number of individuals 
performing each activity varies over the different periods are shown for each species 
and between the allopatric species (n = 50). 

a) U. flammula 

Low Tide Period of Observation Comparing 
Before During After All Periods 

Behaviour Sum % Sum % Sum % Sum % "l 
Feeding 48 96 46 92 42 84 136 91 0.41 
Waving 1 2 3 6 10 20 14 9 9.57** 
Cleaning 20 40 16 32 10 20 46 31 3.30 
Maintenance 2 4 5 10 10 20 17 11 5.76 
Inactive 27 54 23 46 30 60 80 53 0.92 
In Burrow 21 42 25 50 20 40 66 44 0.64 
Fighting Males 7 14 14 28 14 28 35 23 2.80 
Fighting Females 2 4 2 4 1 2 5 3 0.40 
Fighting Sesarmids 5 10 1 2 1 2 7 5 4.57 
Walking 29 58 26 52 29 58 84 56 0.21 
Burrow Plugging 0 0 0 0 1 2 1 1 

b) U. elegans 

Low Tide Period of Observation Comparing 
Before During After All Periods Spp. 

Behaviour Sum % Sum 010 Sum % Sum % X
2 "l 

Feeding 50 100 50100 48 96 148 99 0.05 0.10 
Waving 13 26 16 32 9 18 38 25 1.95 10.52** 
Cleaning 2 4 9 18 11 22 22 15 6.09* 9.45** 
Maintenance 4 8 8 16 4 8 16 11 2.00 3.91 
Inactive 6 12 16 32 16 32 38 25 5.26 4.49 
In Burrow 8 16 29 58 22 44 59 39 11.63** 0.31 
Fighting Males 16 32 19 38 12 24 47 31 1.57 2.73 
Fighting Females 5 10 3 6 4 8 12 8 0.50 0.48 
Fighting Sesarmids 0 0 0 0 0 0 0 0 
Walking 16 32 36 72 19 38 71 47 9.83** 6.40* 
Burrow Plugging 0 0 0 0 3 6 3 2 
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Table 4.5 Activity budgets of sympatric crabs 

The table shows the total number (sum) and percentage (%) of crabs that perfonned 
each behaviour during 5 min of observation in three periods: before; during; and after 
low tide. Results of Chi-squared tests that detennine if the number of individuals 
performing each activity varies over the different periods are shown for each species, 
between the sympatric species and U. elegans populations, (n = 25). 

a) U. elegans 

Low Tide Period of Observation Comparing 
Before During After All Periods elegans 

Behaviour Sum % Sum % Sum 0/0 Sum 0/0 ·l ·l 
Feeding 24 96 25 100 24 96 73 97 0.03 0.01 
Waving 24 96 25 100 24 96 73 97 0.03 0.68 
Cleaning 6 24 12 48 8 32 26 35 2.15 1.7 
Maintenance 5 20 8 32 7 28 20 27 0.70 0.31 
Inactive 16 64 12 48 15 60 43 57 0.60 2.98 
In Burrow 15 60 20 80 22 88 57 76 1.37 2.41 

Fighting Males 9 36 13 52 13 52 35 47 0.91 1.33 

Fighting Females 3 12 2 8 1 4 6 8 1.00 1.80 

Fighting Sesarmids 1 4 0 0 0 0 1 1 

Walking 12 48 15 60 16 64 43 57 0.60 2.12 

Burrow Plugging 0 0 0 0 2 8 2 3 

b) U. mjoebergi 

Low Tide Period of Observation Comparing 
Before During After All Periods Spp. 

Behaviour Sum % Sum % Sum 0/0 Sum 0/0 -l 'l 
Feeding 25 100 24 96 25 100 74 99 0.03 0.05 

Waving 13 52 18 72 15 60 46 61 0.83 0.38 

Cleaning 10 40 9 36 6 25 25 33 1.04 1.70 

Maintenance 2 8 4 16 5 20 11 15 1.27 2.76 

Inactive 5 20 11 44 13 52 29 39 3.59 3.35 

In Burrow 14 56 12 48 17 68 43 57 0.88 0.73 

Fighting Males 10 40 15 60 8 32 33 44 2.36 1.33 

Fighting Females 2 8 0 0 0 0 2 3 

Fighting Sesarmids 0 0 0 0 0 0 0 0 

Walking 17 68 18 72 14 56 49 65 0.53 0.88 

Burrow Plugging 0 0 1 4 0 0 1 1 



Fig. 4.3 

The effect of period and day on time spent walking on the following populations: (A) 

U. jlammula; (B) U. mjoebergi; (C) U. elegans at the muddy site; and (D) U. elegans 

at the sandy site. Each bar represents the mean time spent walking (in seconds) over 

a 5-min observation period (n = ten male crabs). Error bars give + 1 SE. Observation 

periods are represented thus: open bars = before low tide; striped bars = during low 

tide; and filled bars = after low tide. 
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4.5a-4.5b); walking varied between species and periods on different days (Table 

4.3b; Fig. 4.3). 

Individuals of U flammula and U elegans at the muddy site spent < 0.7 % of their 

time waving (Tables 4.la-4.lb), with < 32 % waving at least once (Tables 4.4a-b.4b). 

More V. flammula waved after low tide (Table 4.4a), whereas fewer U elegans 

waved after low tide (Table 4.4b). At the sandy site individuals of U. elegans spent> 

2.8 % of their time waving (Table 4.2a), and 96 % waved at least once (Table 4.5a). 

Individuals of U mjoebergi spent> 11.5 % of time waving (Table 4.2b), and 52 % 

waved at least once (Table 4.Sa). 

Numbers of allopatric, but not sympatric, crabs cleaning over the day varied with 

species (Tables 4.4-4.5). Over the course of a day similar numbers of U. flammula 

cleaned whereas numbers of U elegans that cleaned increased. 
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Apparent abundance 

For all populations more males than females were active (Table 4.6a). The sex ratio 

was significantly higher for the sympatric species compared with the allopatric 

species. 

There was variation in the apparent abundance of crabs per quadrat and each species 

per quadrat (Table 4.6b; Fig. 4.4). The total number of crabs per quadrat varied with 

day, whereas this was not a significant factor when each species per quadrat per site 

was analysed. 

Environmental variables 

While soil characteristics varied significantly between sites, air temperature and 

relative humidity did not vary with the factors tested (Tables 4.7-4.8). 

The soil at the sandy site had a higher percentage oflarger soil particles compared to 

the soil at the other two sites (Fig. 4.5). 
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Table 4.6 Apparent abundance of different Uca populations 
during behavioural observations 

a) Apparent abundance of Uca 

The table shows the number of crabs seen per 0.56 m2 quadrat (n = 30, comprises six 
quadrats per day over five days). The sex ratio is expressed as male: female. Results 
of Chi-squared tests that detennine if the sexes are equally abundant are shown. 

Male Female All Sex 
Ucaspp. Site Mean SE Mean SE Mean SE Ratio X

2 

Allopatric 
jlammuiaCreek Banks 3.80 0.30 2.37 0.29 6.17 0.47 1.61 9.99** 
elegans Muddy Site 4.73 0.29 3.47 0.29 8.20 0.37 1.37 5.87* 

Sympatric 
elegans Sandy Site 6.30 0.67 1.70 0.46 8.00 0.85 3.71 79.35*** 
mjoebergiSandy Site 3.30 0.50 1.60 0.45 4.90 0.84 2.06 17.69*** 
Both spp.Sandy Site 9.60 0.68 3.30 0.53 12.90 0.79 2.91 121.21 *** 

b) Analysis of variance of Uca abundance 

The tables show the results of analyses of the apparent abundance of crabs. Counts of 
crabs per quadrat were analysed by a 3F repeated measure ANOVA with the 
following factors: Day [5 levels, random and nested in Site]; Site [3 levels: creek 
bank, muddy and sandy site]; and Sex [repeated measure]. Counts of each species per 
quadrat were analysed by a 3F ANOVA with the following factors: Day [5 levels, 
random and nested in Species at site]; Species at site [4 levels: U jlammula at the 
creek bank, U. elegans at the muddy site, U elegans at the sandy site, and U. 
mjoebergi at the sandy site]; and Sex. Cochran's test was not significant (P > 0.05) 
for square root transformed crabs per quadrat and log transformed species per 
quadrat. 

Crabs per quadrat 
Factor df MS F 
Day 12 0.66 3.98*** 
Site 2 5.70 8.60** 
Sex 1 17.90 57.81*** 
Day x Sex 12 0.31 1.16 
Site x Sex 2 4.25 13.73*** 

Each species per quadrat 
Factor df MS F 
Day 16 0.66 1.50 
Species at Site 3 3.52 5.30** 
Sex 1 102.90 267.28*** 
Day x Sex 16 0.39 1.60 
Species at Site x Sex 3 3.07 7.96** 



Fig. 4.4 

Change in the abundance of Uca during behavioural observation of the following 

populations: (A) U flammula at the creek banks; (B) U. mjoebergi at the sandy site; 

(C) U. elegans at the muddy site; and (D) U. elegans at the sandy site. Each point 

represents the mean of counts of each species from six 0.56 m2 quadrats. Error bars 

give ± 1 SE. Sexes are represented thus: squares = males; triangles = females; and 

diamonds = pooled sexes. 
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Table 4.7 Environmental variables during behavioural 
observations 

The table shows the temperature and humidity of the air and moisture and organic 
content of the sediment at three sites in each period during behavioural observations, 
(n = 5). 

Low Tide Period of Observation 
Site and Environmental Before During After All 
Variable Mean SE Mean SE Mean SE Mean SE 
Creek Bank 

Air Temperature C>C) 28.7 1.2 29.2 0.6 27.9 0.7 28.6 0.5 
Relative Humidity (%) 58.3 9.1 54.5 6.8 58.3 5.8 57.1 4.0 
Soil Moisture Content (%) 47.4 0.3 45.4 1.0 46.5 1.2 46.5 0.5 
Soil Organic Content (%) 16.4 0.4 15.4 0.5 15.3 0.5 15.7 0.3 

Muddy Site 
Air Temperature (OC) 29.6 0.8 30.1 0.6 29.1 0.7 29.6 0.4 
Relative Humidity (%) 50.7 6.5 47.8 4.6 53.3 4.2 50.6 2.8 
Soil Moisture Content (%) 38.7 1.4 36.2 0.8 34.3 1.0 36.4 0.8 
Soil Organic Content (%) 11.5 0.4 12.0 0.2 11.8 0.4 11.7 0.2 

Sandy Site 
Air Temperature (Oe) 31.0 0.9 30.2 0.4 28.9 0.8 30.0 0.5 
Relative Humidity (%) 53.3 5.1 53.7 3.1 58.4 2.6 55.1 2.1 
Soil Moisture Content (%) 22.9 1.0 23.6 1.0 22.9 0.9 23.1 0.5 
Soil Organic Content (%) 5.2 0.2 5.7 0.4 6.l 0.3 5.7 0.2 
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Table 4.8 Analyses of variance of the environmental variables 
during behavioural observations 

The tables show the results of analyses of environmental variables during 
behavioural observations. Data were analysed by a 2F ANOVA with the following 
factors: Period [3 levels: before, during and after low tide]; and Site [3 levels: creek 
bank, muddy and sandy site]. Cochran's test was not significant (P > 0.05). 

Air 
Temperature Relative Humidity 

Factor df MS F MS F 
Site (S) 2 7.58 2.55 165.55 1.05 
Period (P) 2 6.79 2.29 81.73 0.52 
SxP 4 1.06 0.36 10.31 0.07 

Soil 
Moisture Organic Content 

Factor df MS 
Site (S) 2 2051.02 
Period (P) 2 12.80 
SxP 4 8.46 

Tukey's (HSD) tests: 
Soil moisture 
Soil organic content 

F MS F 
400.03*** 384.31*** 523.83*** 

2.50 0.01 0.02 
1.65 1.55 2.11 

Creek Bank > Muddy Site> Sandy Site 
Creek Bank > Muddy Site> Sandy Site 



Fig. 4.5 

Particle size distribution of soil from Ludmilla Creek. Sites are represented thus: 

circles = creek bank; triangles = muddy site; and squares = sandy site. 
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Correlations 

Four U flammula behaviours-feeding, waving, fighting sesannids and inactivity

were significantly correlated with humidity and, or air temperature (Table 4.9a). 

Relationships between behaviour and environmental variables and abundance 

differed between the species and populations of U elegans (Tables 4.9b; 4.1 Oa). Uca 

elegans was the only species whose behaviour was significantly correlated to 

abundance of crabs. 

Eight of the ten behaviours-excluding fighting females and cleaning--of U. elegans 

at the muddy site showed significant correlations to at least one of the variables 

recorded (Table 4.9b). 

At the sandy site, U. elegans behaviour was not significantly correlated with soil 

moisture, however all the other variables were significantly correlated to at least one 

of the following behaviours-waving, feeding, maintenance, burrow occupancy and 

walking (Table 4.1 Oa). 

Soil characteristics and/or humidity were significantly correlated with four U. 

mjoebergi behaviours-waving, burrow occupancy, fighting females and cleaning 

(Table 4.1 Ob). 

While there were significant correlations for some of the environmental data and 

behavioural traits, the r-values were very small for most of these correlations. The 

total amount of variation which could potentially be explained by these correlations 

was small (3-40%). Furthermore, given the large number (242) of correlations that 

were done, twelve would have been significant by chance alone (Type 1 error rate ex 

= 0.05). 
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Table 4.9 Relationships between density, environmental variables 
and behaviour of allopatric species 

Correlation coefficients (r-values) are given for the relationships between 
environmental variables and popUlation density with behaviour. For soil moisture 
and organic content, and temperature and humidity of the air n = 150, and for crab 
density n = 50. 

a) U.flammula 

Soil Soil Relative Air Density of 
Behaviour Moisture Org. Humidity Temp. flammula 
Feeding -0.05 0.05 0.19* -0.11 -0.23 
Waving -0.04 -0.10 -0.13 -0.16* -0.26 
Cleaning 0.04 0.09 0.10 -0.04 0.13 
Maintenance -0.15 -0.10 -0.00 0.03 0.24 
Inactive 0.08 0.10 -0.24** 0.22** 0.16 
In Burrow -0.03 -0.01 -0.07 0.04 0.19 
Fighting Males 0.06 -0.15 -0.03 0.01 0.01 
Fighting Females -0.01 0.00 0.12 -0.05 0.00 
Fighting Sesarmids 0.06 0.01 0.20* -0.06 0.20 
Walking 0.07 -0.12 -0.03 -0.15 -0.09 
Burrow Plugging 0.01 -0.13 0.02 -0.12 

b) U. eJegans at the muddy site 

Soil Soil Relative Air Density of 
Behaviour Moisture Org. Humidity Temp. elegans 
Feeding 0.27** -0.05 -0.07 0.18* -0.34* 
Waving -0.20* -0.19* -0.12 0.01 0.02 
Cleaning -0.11 0.13 0.06 0.01 0.14 
Maintenance -0.27** -0.11 -0.17* -0.19* 0.00 
Inactive -0.05 0.02 0.20* -0.22** 0.03 
In Burrow -0.35*** 0.03 0.04 -0.09 0.08 
Fighting Males 0.20 -0.09 0.03 0.06 0.36* 
Fighting Females 0.16 -0.16 -0.03 0.10 -0.08 
Fighting Sesarmids -
Walking -0.14 0.30*** -0.04 0.12 0.15 
Burrow plugging -0.11 -0.08 0.07 -0.19* 
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Table 4.10 Relationships between density, environmental variables 
and behaviour of sympatric species 

Correlation coefficients (r-values) are given for the relationships between 
environmental variables and population density with behaviour. For soil moisture 
and organic content, and temperature and humidity ofthe air n = 75, and for crab 
density n = 25. 

a) U. elegans at the sandy site 

Soil Soil Relative Air Density of 
Behaviour Moisture Org. Humidity Temp. elegans All Uca 
Feeding 0.18 0.26* -0.18 0.06 -0.02 0.15 
Waving -0.09 -0.44*** 0.02 0.27* -0.41* -0.53** 
Cleaning -0.12 -0.10 0.02 0.04 -0.22 -0.22 
Maintenance -0.14 -0.25* -0.12 0.24* -0.25 -0.27 
Inactive -0.21 -0.06 0.13 -0.15 0.18 0.09 
In Burrow -0.07 0.05 0.06 -0.26* -0.17 -0.35 
Fighting Males -0.03 -0.20 -0.03 0.06 -0.01 -0.05 
Fighting Females 0.13 0.04 0.14 -0.19 0.07 0.01 
Fighting Sesarmids 0.09 -0.10 0.07 0.02 
Walking 0.17 0.05 0.30* -0.05 0.63** 0.42* 
Burrow Plugging -0.12 -0.03 0.02 -0.20 

b) U. mjoebergi 

Soil Soil Relative Air Density of 
Behaviour Moisture Org. Humidity Temp. mjoebergi All Uca 
Feeding 0.05 0.18 0.15 -0.02 -0.23 -0.23 
Waving 0.04 -0.32** 0.05 -0.10 0.12 0.02 
Cleaning -0.17 -0.42*** -0.09 0.07 -0.18 -0.30 
Maintenance -0.13 0.05 -0.11 -0.00 0.18 0.20 
Inactive 0.08 0.09 -0.10 0.01 0.24 0.37 
In Burrow -0.23** 0.08 -0.23* -0.01 0.17 0.18 
Fighting Males 0.13 0.06 0.07 0.16 0.06 0.00 
Fighting Females -0.19 -0.11 0.24* 0.13 
Fighting Sesarmids -
Walking 0.12 0.12 -0.16 0.17 0.02 0.33 
Burrow Plugging -0.08 -0.20 0.05 -0.05 -0.13 -0.26 
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Discussion 

Habitats occupied by the different Uca populations differed in height, soil type, 

topography, shade cover and biotic factors such as presence of another species and 

popUlation density. Time of day did not have a significant effect on the behaviour of 

the sympatric species. Sympatric popUlations had a higher sex ratio and crab density. 

They waved and fought more, spent more time in burrows, but fed less than the 

allopatric species. For the allopatric species, time of day was a significant factor for 

feeding, time in burrows, walking, waving and cleaning. Uca elegans behaviour 

varied significantly between the two sites. 

Behavioural differences therefore, were greater between the allopatric and sympatric 

species than within these groups. This suggests that local ecological conditions playa 

significant role in shaping behaviour, and emphasises the high degree of plasticity in 

fiddler crab behaviour patterns-an essential adaptation to intertidal life (Hazlett 

1987). 

Although the behaviour of each population was observed for only five days in this 

study, behavioural differences have emerged which may be useful in future 

ecological studies on tropical mangrove crabs. The following discussion will 

compare the effect of environmental variables on the most frequently observed 

behaviours of different species and populations. 

Feeding 

Uca are detritus feeders that require water for the feeding process (Miller 1961). 

Creek banks would appear to provide the best feeding conditions of all the sites

creek bank soil is the wettest with the highest (food) organic content. Furthennore, 
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changes in characteristics of the creek bank soil did not appear to affect U. jlammula 

behaviour. However, the time spent feeding increased when evaporative water loss 

was theoretically lessened-i.e. when humidity was lower. 

Uca mjoebergi appeared to have the worst feeding conditions-the sandy soil was 

the driest with the lowest organic content. However, they spent less time feeding than 

the other species. It is possible that their energetic requirements are low because of 

their small size-average carapace width: U. mjoebergi = 16.4 mm; U.jlammula = 

39.6 nun; U elegans = 26.6 mm (Hagen and Jones 1989). Alternatively, U. 

mjoebergi could spend less time feeding as a result of hostile conditions above 

ground. 

While water is essential for feeding, crabs with mouthparts modified for feeding on 

sandy soil require less water and feed more efficiently than those modified for 

feeding on muddy soil (Miller 1961; Robertson and Newe111982a). The mouthparts 

of U mjoebergi posses specialised setae enabling them to feed efficiently on dry, 

sandy substrates (Maitland 1990a), so they could reduce time spent feeding. While 

'mud feeders' rarely feed on sandy soils, 'sand feeders' can feed on both soils 

(Robertson and Newe111982a). Uca elegans mouthparts are probably modified for 

'sand feeding', because they fed on both soils in this study. Differences in time spent 

feeding between U elegans popUlations could be attributed to morphological 

adaptations that cause differences in the efficiency of feeding on different types of 

soil. As a result, U elegans may have had more time to indulge in courtship 

activities at the sandy site. 

Uca elegans may have less time available to feed at the higher muddy site compared 

to the lower sandy site because surface activity is restricted at the higher, and 
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therefore, drier site. Without rainfall, soil at the muddy site becomes dry and cracked 

during neap tides and crabs stay underground for several days (pers. obs.). 

Furthennore, at low tide, this soil appears to dry at a greater rate than at the other 

sites (pers. obs.). Activity budgets of the muddy site population suggest they 

maximise efficiency by spending more time feeding when conditions are optimal

i.e. earlier in the day when the soil is wetter. 

Other non-social activities 

Six burrows were plugged after low tide and a seventh during low tide, presumably 

as protection from biotic and abiotic factors during underground periods (Crane 

1975; Warren 1990b). 

Water is lost by evaporation during feeding and respiring, and the rate ofloss 

increases when the weather is warmer, humidity lower and wind movement 

increased (Edney 1961; Wilkens and Fingerman 1965). Undisturbed foraging crabs 

frequently return to their burrows to replenish water supplies. They also take up 

water from the wet soil surface-by pressing their setal tufts into the soil (Maitland 

1990b). Some species visit burrows more frequently during the hotter times of the 

day (Macintosh 1978). Therefore, it is not surprising that time underground increased 

when humidity was lower (u. mjoebergi), and soil drier (u. mjoebergi and U. 

elegans: muddy site). 

However, under conditions of enhanced evaporative water loss, rather than 

increasing time underground, U flammula increased time spent inactive on the 

surface. There may be less risk of over-drying at the creek bank compared with the 

other sites--creek bank soil is wetter than the other sites and there is less wind 

movement in the forest compared with an open clearing. Encrusting organisms may 
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prefer body surfaces to be continually moist, so deliberately drying body surfaces 

may serve as an anti-fouling mechanism (Maitland 1 990b ). 

Eight individuals fought with sesarmids, seven of these were U flammula and the 

other was U elegans (sandy site). Therefore, most interactions between Uca and 

sesarmids were recorded at the creek bank compared to the other sites. This is 

because sesarmids inhabit forested areas including the partially shaded creek bank at 

Ludmilla Creek and are rarely found in the centre of large clearings (Osborne and 

Smith 1990, McGuinness 1992, 1994; pers. obs.). Encounter rate was greater before 

low tide presumably as sesarmids avoid the heat of the day (Macnae 1966; Seiple 

1981 ;George and Jones 1984), because their respiratory mechanism is more 

dependent on water than that of Uca (Verwey 1930; Macnae 1968; Alexander and 

Ewer 1969). 

Social activities 

Uca flammula spent the least time waving compared to the other species. Regardless 

of function, waving is a visual stimulus designed to communicate to other organisms 

(usually conspecifics). Uca eyes can best detect moving objects on the horizon (Land 

and Layne 1995) so a male claw that rises above the horizon is in the best position to 

be seen. This is especially true for those Uca living in flat, clearings. However, U 

flammula inhabits a visibly complex environment, the soil is moundy and mangrove 

vegetation 'breaks up' the background. With no clearly defmed horizon, their ability 

to see a waving claw may be compromised. Certainly, their reaction to inanimate 

objects differs to that of 'flatworld' crabs (Nobbs and McGuinness 1999). Thus, U 

flammula may wave less, as it is less effective. 
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Behaviour was density dependent for U eiegans but not for the other species. Uca 

elegans had greater frequency and duration ofterritorial behaviour-i.e. waving and 

combat-at the sandy site, where crab density was higher, compared to the muddy 

site. This could relate to variables that correlate with the type of substratum (e. g. 

food availability and therefore potentially competition for food). During the present 

study U. eiegans did not construct structures at the burrow entrance, which help to 

reduce territorial disputes at high densities (Zucker 1974, 1981), although they are 

known to do so (George and Jones 1982). 

Uca mjoebergi is likely to be as tolerant of sympatric congeners as are the other sub 

species of U lactea (Icely and Jones 1977; Severinghaus and Lin 1990). This has 

been attributed to their smaller size (Crane 1975; Frith and Brunenmeister 1980) and 

exclusive home range (Murai et ai. 1982). 

Compared with the other species, U. flammula spent the least time fighting 

conspecifics, and fewer crabs fought with them at least once. There appeared little 

incentive for U. flammula to compete. There were many open burrows at the creek 

bank site (Chapter 2), presumably because burrows persist for a long time in the 

thick mud (Hyatt and Salmon 1978). Furthermore, organic and moisture content of 

the soil is high, copulation occurs aboveground (Crane 1975; pers. obs.), and crab 

density is low. 

Fiddler crabs have many visual predators. Birds generally take crabs that are active 

on the surface (Zwarts 1984; McNeil and Rompre 1995). Sesarmids have good 

stereoscopic vision (Zeil et al. 1986) and appear to watch the Uca around them 

(Crichton 1960; pers. obs.). Fordonia leucobalia, an abundant snake in Ludmilla 

Creek that feeds on fiddler crabs (pers. obs.) is better able to hunt moving prey 
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(Lawson, pers. comm.). Mudskippers in a Malaysian mangrove attack fiddler crabs 

that are facing away from them (Macintosh 1979). 

Compared with the other species, U. flammula spent the least time waving and 

fighting, coupled with the longest inactive periods. Thus, U flammula were less 

conspicuous, which suggests they may have a greater risk of predation than the other 

species. 'Flatworld' crabs can afford to indulge in conspicuous displays because they 

are highly visible anyway and get sufficient warning of predators (Land and Layne 

1995). In a visibly complex environment-e.g. the mangrove forest--close predators 

may be alerted by unnecessary movement yet remain undetected by their prey. Thus 

by reducing movements on the surface U flammula may help to lower predation risk. 

It has been suggested that posing by a burrow entrance may signal territoriality 

(Griffin 1968) and this may be safer than waving for U. flammula ifthis is required. 

It has been suggested that Uca only breed during the wet season in the wet/dry 

tropics irrespective oftidal elevation (Crane 1975). However, breeding probably 

occurs during the dry season in a U. polita population found below the sandy site 

(Hagen 1993). 

Evidence from the present study suggests that U. mjoebergi were breeding in the dry 

season. Uca mjoebergi is a sub species of U lactea lactea, which along with other 

members-U. lactea, U. annulipes and U. perplexa-are known to have complicated 

courtship behaviour (Gordon 1958; Crane 1975; Murai et al. 1987; Severinghaus and 

Lin 1990; Backwell and Passmore 1996). In the present study U mjoebergi males 

congregated on high ground and waved in synchrony, apparently facilitated by the 

appearance of other waving males, and females, which is similar to Crane's findings 

(1975) on this species. 
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Uca elegans males court vigorously, which suggests that the females of this species 

mate, ovulate, and incubate their clutches in male breeding burrows (Salmon and 

Zucker 1987). On average 61 % of U. elegans waved, agreeing with other studies that 

showed courtship behaviour is performed by about half of males (Zucker 1978; 

Christy 1987, 1988). Sex ratio was very high suggesting that U. elegans females 

were underground incubating eggs (Christy 1982a, 1982b). 

Nevertheless, the higher up the intertidal a mangrove crab occurs, the more defined 

the breeding season (Emmerson 1994). Uca elegans waved and fought more, and sex 

ratio was higher at the lower site (sandy) compared to the upper site (muddy). 

Behavioural differences exhibited by U. eJegans at the two sites could reflect 

differences in seasonality of breeding-breeding all year at the lower site because of 

frequent tidal inundation whereas at the higher site lower tides and little rainfall 

during the dry season may impose seasonal breeding. 

Compared to the number of Uca that wave in normal courting popUlations (see 

above), more U. elegans waved at the lower site, while fewer U. elegans waved at 

the higher site. Other factors should, therefore, be considered. Apart from the 

physical factors of each site, the major difference between popUlations was the 

presence or absence of U mjoebergi. At the sandy site, V. elegans could have been 

incited to wave by the high incidence of waving by the sympatric U. mjoebergi. 

Intraspecific facilitation has been seen in waving (Gordon 1958; Greenspan 1980; 

Zucker 1984; pers. obs.), and may occur during feeding in herds (Murai et al. 1982; 

Nakasone 1982, 1983). However, it has not been previously recorded between 

speCIes. 
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Courtship may occur at particular times of the synodic cycle in order to reduce 

predation on the larvae (Morgan and Christy 1995). Larval survival and predators on 

courting crabs may be affected by the diurnal cycle, as Uca courtship often occurs at 

particular times of the day (Crane 1958, Zucker 1976, 1978). This has also been 

attributed to soil characteristics-frequent courtship may occur at midday during 

spring tides because the substrate is very dry at such times and not appropriate for 

efficient feeding (Zucker 1978). It is interesting that waving by U. elegans and U. 

mjoebergi was negatively correlated with soil organic content-perhaps waving 

occurs when low food content renders feeding inefficient. 

Height, soil type, topography, level of vegetation, the presence of other crab species 

and popUlation density appeared to playa significant role in shaping Uca behaviour 

in these mangrove habitats. There was a general pattern to Uca behaviour-most 

time was spent feeding, and some crabs fed for greater duration earlier in the day at 

the expense of other activities. As Uca are abundant in these habitats (Nobbs and 

McGuinness 1999), Uca feeding may impact on nutrient cycling. Differences in 

height ofthe site appeared to determine if the population would breed or not during 

the dry season. This may be important as Uca larvae, which fish consume 

(Macintosh 1979), can be very abundant in mangrove estuaries (Dittel 1990). 

Sesarmids live in forested areas of Australian mangroves and consume a high 

proportion of mangrove propagules (Robertson 1986; Osborne and Smith 1990). The 

colonisation of clearings by Uca, and their deposit-feeding and burrowing behaviour, 

may ensure the establishment of seedlings and growth of mangrove flora. Therefore, 

Uca may playa significant role in shaping the mangrove habitat. 
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TEMPORAL PATTERNS IN ueA DISTRIBUTION AND 

ABUNDANCE 

Introduction 

The main aim of the work in this chapter was to examine temporal patterns in the 

spatial distribution (Chapter 3), and in the population ecology, of active crabs. Long

term patterns in the abundance of tropical mangrove Uca have not been quantified 

thus far. Direct censuring by excavation of quadrats over a two-year period has been 

done in tropical mangroves (Chakraborty and Choudhury 1992a). In saltmarsh 

habitats long-term studies have been done on the number of Uca burrows (Mouton 

and Felder 1996) and on absolute abundance by the excavation of quadrats (Cammen 

et al. 1984; Colby and Fonseca 1984; Spivak et al. 1991). Larval densities have been 

quantified in long-term studies (Dittel and Epifanio 1990; Boylan and Wenner 1993). 

Long-term studies of other Uca species have shown that popUlation density, biomass, 

and size frequency distributions can be highly variable between seasons and years 

(Cammen et al. 1984; Chakraborty and Choudhury 1992a; Mouton and Felder 1995, 

1996). Such variations have yielded useful insights into Uca reproductive activity 

(Spivak et al. 1991; Mouton and Felder 1995, 1996), growth and lifespan (Spivak et 

al. 1991). In addition, long-term studies have helped to determine which factors are 

most likely to control seasonal variations in Uca populations (Chakraborty and 

Choudhury 1992a; Mouton and Felder 1995). 

Uca are only active on the surface at low tide. Tropical species may stay 

underground at midday (Crane 1941, 1958), but in temperate regions, crabs are 



active throughout the day (Murai et al. 1982). Peaks of activity can occur at spring 

tide periods (Zucker 1983; 1978; Salmon 1984; Severinghaus and Lin 1990), while 

reduced or no activity can occur during neap tides (Crane 1941; Macintosh 1978). In 

non-tidal or high intertidal areas, activity tends to follow the diurnal cycle, but at 

lower levels, it tends to be more tidally influenced (Barnwell 1968; Barnwell and 

Martini 1992). Some Uca species living in the landward zone of Darwin Harbour 

mangroves appear to be more active when the soil has been wetted by several spring 

tides (pers. obs.). 

The time of year may further influence timing of activity. Temperate species are 

active by day and night in the warmer months, but tend to remain underground in the 

winter (Crane 1943; Salmon 1965; Knopf 1966; Powers and Cole 1976; Wolfrath 

1993). Tropical species tend to be active all year (Crane 1975), with reduced 

nocturnal activity (McNeil and Rompre 1995). There may be seasonal changes in 

circadian activity pattems-Uca subcylindrica lives high in the supralittoral zone 

and is nocturnal during the summer yet diurnal in winter (Thurman 1984). The 

Aboriginal people of Northern Arnhem Land, Australia suggests that Uca are more 

active in the early dry season (Davis 1985). The effect of the synodic cycle may vary 

between seasons in the wet/dry tropics (Crane 1941, 1975; Macintosh 1978; 

Severinghaus and Lin 1990; pers. obs.). 

Therefore, the timing of surface activity of other Uca species is influenced by daily, 

lunar and seasonal rhythms, which may be exogenously modified by environmental 

factors. A suitable sampling program for the Uca species that inhabit the landward 

zone of Ludmilla Creek would have to take into account certain temporal variations. 

As nested designs are needed to avoid confounding long-term variation with short-
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term variation (Underwood 1997), it was necessary to determine the most 

appropriate days of the synodic cycle and times of the diurnal cycle to sample the 

active crabs. This information was then used to design a sampling program that 

would examine the effect of season and year on Uca activity. 

Newly hatched Uca larvae do not take long to recruit to adult substrates (Christy 

1989). Therefore, the size frequency distribution of Uca populations may change 

during breeding periods (Colby and Fonseca 1984; Thurman 1985; Spivak et al. 

1991; Mouton and Felder 1995). Seasonal periodicity in Uca breeding may also be 

affected by environmental factors that include latitude and tidal elevation (Colby and 

Fonseca 1984; Thunnan 1985; Emmerson 1994). 

To record their sex, size, weight and breeding state (if female), crabs may be dug out 

ofthe ground (Colby and Fonseca 1984; Cammen 1984; Chakraborty and Choudhury 

1992a; SpiVak 1991) or captured on the surface (Wolfrath 1993; Mouton and Felder 

1995, 1996). At Ludmilla Creek, crabs are very difficult to dig up because the root 

mat is impenetrable. Capturing crabs is difficult and time consuming because Uca 

retreat to burrows when disturbed, by even the slightest movement. Alternatively, 

crab size has been estimated from burrow dimensions (Mouton and Felder 1996), and 

work was done to determine if this method could be reasonably employed with crabs 

at Ludmilla Creek. Such information was used to examine temporal changes in the 

size frequency distributions of three Uca populations. The carapace width (age) of a 

Uca population may deviate from a normal frequency distribution during breeding 

periods (Colby and Fonseca 1984; Thurman 1985; Spivak et al. 1991; Mouton and 

Felder 1995). At such times there will be a high proportion of smaller crabs. This 
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infonnation was used to examine breeding periodicity of Uca in Darwin Harbour 

mangroves. 

The aims of this chapter were to document any changes over time that occured in the 

apparent abundance and size frequency distributions of Uca species living in 

different mangrove habitats, with a view to understanding why such changes may 

occur. 

Method 

Correlation of crab and burrow dimensions 

Three sites at Ludmilla Creek were selected because they each had a high density of 

one species: Uflammula from creek bank 1; U. signata from the edge at loamy site 

2; and U. elegans from the clearing at muddy site 1. Active crabs of various sizes 

were observed, and after they went underground, burrow position was marked. The 

diameter of each burrow aperture was recorded, then the animal was dug out of its 

burrow and sealed in a labeled plastic bag. At each site, 100 males and 100 females 

were sampled in this way. Both sexes were sampled because it seemed likely that the 

relationship between burrow diameter and size of crab would differ between the 

sexes due to male crabs possessing an enlarged claw. 

The crabs were taken to the laboratory for analysis. Each crab was washed clean of 

soil and placed on paper towels for a few minutes to blot away excess moisture. The 

following measurements were taken-carapace width (CPW); carapace breadth 

(CPB); and wet weight (WW). Crabs (10 males and 10 females) of each species were 

killed by leaving them overnight in a fridge set at 4°C. They were dried for two 

Chapter 5: Temporal Patterns in Distribution 84 



weeks in an oven set at 105°C. They were removed and weighed to give an estimate 

oftheir dry weight (DW). All other crabs were returned to Ludmilla Creek. 

Correlation coefficients were determined for the relationship between burrow 

diameter on crab measurements. Parallelism tests were done to compare the slopes of 

the regressions of male and female crabs of the same species. Where the slopes did 

not differ, the relationships were further analysed by ANCOV A with the factor Sex. 

Comparing carapace widths of three Uca populations 

Three separate Uca populations were sampled at Ludmilla Creek: Uca jlammula 

from the clearing at creek bank 1; U signata from the edge at loamy site 2, and U. 

elegans from the clearing at muddy site 1. Sampling at each site took one day to 

complete. On each day of sampling, 100 crabs on the soil surface were haphazardly 

chosen. After observing an individual return to its burrow, the diameter ofthe burrow 

aperture and the individual's sex was recorded. The carapace width of the crabs was 

estimated from the burrow data using the appropriate regressions. 

The carapace width (age) of a Uca population may deviate from a normal frequency 

distribution during breeding periods (Colby and Fonseca 1984; Thurman 1985; 

Spivak et al. 1991; Mouton and Felder 1995). Chi-squared tests were done to 

determine if the size frequency distribution of male, female and all crabs followed a 

normal distribution in order to draw inferences about breeding periodicity. 

Increments of the size classes used in the Chi-squared tests differed between the 

species and were as follows: 2 mm wide for U. flammula; 1 mm for U signata; and 

1.5 mm for U elegans. Some size classes were grouped where appropriate. Data 

were further analysed by ANOV A to determine if mean crab sizes varied between 

different temporal scales. 

Chapter 5: Temporal Patterns in Distribution 85 



Over one season 

Uca show semi-monthly peaks in courtship behaviour (Christy 1978; Zucker 1978). 

Crabs were sampled at each site on two days for two consecutive spring tide cycles 

during the dry season, 1996. This gave a total of four days sampling at each site. 

Chi-squared tests were done as described above for each species on each sampling 

day. Carapace width data for each species were further analysed by a three-factor 

ANOVA with the following factors: Spring tide [2 levels]; Day [2 levels, random 

and nested in Spring tide]; and Sex. Cochran's test was not significant (p> 0.05) for 

U. flammula and U. elegans data and for square root transformed U signata data. 

Over several seasons 

Crabs were sampled on one day during the dry, transition into the wet, and wet 

seasons of 1997, and during the transition into the dry, and dry seasons of 1998. The 

U. elegans population was also sampled during the transition into the dry 1997 as 

this was initially done in order to trial the experiment. 

Chi-squared tests were done as described above for each species on each sampling 

day. Carapace width data for each species were further analysed by a two-factor 

ANOVA with the following factors: Seasons [5 or 6 levels]; and Sex. Cochran's test 

was not significant (P > 0.05). Tukey's (HSD) tests (a = 0.05) were used to compare 

the means of the different seasons after the ANOVA. 

Temporal patterns in surface activity within one spring tide 

Time constraints ensured that only one site and one spring tide could be sampled. 

Muddy site I, Ludmilla Creek was chosen because it was of intennediate tidal 
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elevation, and because all three Uca species were present. Three areas of the site 

were chosen because they each had a different monospecific Uca population. These 

areas were as follows: the centre of the clearing inhabited by U. elegans; a flat edge 

of the clearing inhabited by U. signata; and an edge with numerous soil mounds 

inhabited by U. flammula. 

The six days of the synodic cycle that experienced the biggest high tides-i.e. spring 

tides-were sampled. On these days during 1997-8 low tides fell between midday 

and 1600. For the first three days, each area was sampled at 1000-1200, 1200-1400 

and 1400-1600, and for the last three days, each area was sampled at 1200-1400, 

1400-1600 and 1600-1800. At each sampling time, within each area, six 0.56 m2 

qudarats were haphazardly placed on the soil surface. After waiting motionless for a 

period of ten minutes, the number and sex of crabs within each quadrat were 

recorded (i.e. scan sampling). 

Data for each species were analysed by a three-factor ANOVA with the following 

factors: Day [6 levels: 16-21 September 1997, fixed]; Time of sampling period [3 

levels: before during and after low tide, fixed]; and Sex [repeated measure]. 

Cochran's test was not significant (P > 0.05) for U. signata and U. elegans data, or 

for square root transfonned u. flammula data. 

Long term temporal patterns in abundance 

Two sites of each type were selected at Ludmilla Creek because they had abundant 

Uca populations--creek banks 1 and 2, muddy sites 1 and 2, and loamy sites 1 and 

2-giving six sites. Crab abundance was sampled during the diumallow tide period. 

At each site, three microhabitats were sampled: the clearing, edge and forest. Three 

0.56 m2 quadrats were haphazardly placed on the soil surface at each microhabitat 
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and continuously observed for 10 min. The species and sex of Uca that emerged 

from burrows within each quadrat were recorded. Three readings each were taken of 

the temperature and relative humidity of the air close to or within each quadrat, and 

the soil temperature at a depth of 15 cm. The two sites of each soil type were always 

sampled on the same day. 

Darwin airport is approximately 4 km from Ludmilla Creek. Daily figures for 

Darwin airport were obtained from the Bureau of Meteorology (BOM) for the 

following environmental variables: air temperature and relative humidity at 0900, 

1200 and 1500; hours of sunshine and speed ofmaximum wind gust (knots). The 

BOM also supplied precipitation to 0900 at Ludmilla Creek. The Marine Branch of 

the Department of Transport and Works supplied tidal predictions. 

Comparing spring tides 

To compare abundance during spring tides, each site was sampled on two days 

during two consecutive spring tide cycles for the four seasons of 1997 and 1998. The 

four seasons were the dry (June-August), dry-wet transition (September-November), 

wet (December-March), and wet-dry transition (April-May). 

Relative humidity and air temperature could not always be measured in situ because 

of technical problems with the equipment, and therefore these data could not be 

analysed by ANOV A. To compare other environmental factors during spring tides, 

data were analysed by three-factor ANOVAs with the following factors: Year [2 

levels: 1997 and 1998]; Season [4 levels]; and Tide number [2, random and nested in 

Season]. Cochran's test was not significant (p > 0.05) for data on relative humidity at 

0900, sunshine and tidal height (mean ofthe heights of the two previous high tides), 
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log transformed data on relative humidity at 1500, and square root transformed data 

on relative humidity at 1200. Data on air temperature at 0900 and log transformed 

data on rainfall were significant for the Cochran's test (0.01 < P < 0.05), therefore 

the significance level for ANOVA was increased to P = 0.01. Tukey's (HSD) tests (a 

= 0.05) were used to compare some ofthe means after the ANOV A. Data on 

maximum wind gust and on air temperature at 1200 and 1500 could not be analysed 

by ANOV A due to heterogeneous variances. 

To analyse abundance during spring tides, all crab data were transformed by XO.25
• 

Ucajlammula and U signata data were analysed by the following factors: Season [4 

levels]; Tide number [2, random and nested in Season]; Day [2 levels, random, and 

nested in Tide number and Season]; Site type [3 levels: creek banks, muddy and 

loamy sites]; Site number [2 levels, fixed, and nested in Site type]; Microhabitat [3 

levels: clearing, edge and forest], Year [2 levels: 1997 and 1998]; and Sex [repeated 

measure]. Uca elegans data were analysed by the same factors but certain levels 

were excluded as indicated: Season [4 levels]; Tide number [2 levels, random and 

nested in Season]; Day [2 levels, random, and nested in Tide number and Season], 

Site type [2 levels: muddy and loamy sites]; Site number [2 levels, fixed, and nested 

in Site type]; Year [2 levels: 1997 and 1998]; Microhabitat [2 levels: clearing and 

edge]; and Sex [repeated measure]. For these analyses Cochran's test was significant 

(0.01 < P < 0.05), so the criterion for significance in the ANOV A was set at P = 0.01. 

Tukey's (HSD) tests (a = 0.05) were used to compare some of the means after the 

ANOVA 
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Comparing spring and neap tides 

To compare abundance during spring and neap tides, each site was further sampled 

on two days during two consecutive neap tide cycles of the wet and dry seasons of 

1997 and 1998. 

Data on tidal height, relative humidity, air temperature, sunshine and rainfall were 

analysed by four-factor ANOVAs with the following factors: Year [2 levels: 1997 

and 1998]; Season [2 levels: wet and dry]; Tide number [2 levels, random and nested 

in Season]; and Tide [2 levels: spring and neap]. Cochran's test was not significant 

(P > 0.05) for data on tidal height (mean of the heights of the 2 previous high tides) 

and relative humidity at 1500, and on square root transformed data on relative 

humidity at 1200. Data on sunshine, air temperature at 0900 and 1500, and relative 

humidity at 0900, and log transformed data on rainfall were significant for the 

Cochran's test (0.01 < P < 0.05), therefore the significance level for ANOV A was 

increased to P = 0.01. Tukey's (HSD) tests (a = 0.05) were used to compare some of 

the means after the ANOV A. Data on maximum wind gust and on air temperature at 

1200 could not be analysed by ANOV A due to heterogeneous variances. 

All crab data were transformed by XO.25
• Data on U. flammula and U. signata were 

analysed by the following factors: Season [2 levels: dry and wet]; Tide number [2 

levels, random and nested in Season]; Cycle [2 levels: spring and neap]; Day [2 

levels, random, and nested in Tide number and Season]; Site type [3 levels: creek 

banks, muddy and loamy sites]; Site number [2 levels, fixed, nested in Site type]; 

Microhabitat [3 levels: clearing, edge and forest]; Year [2 levels: 1997 and 1998]; 

and Sex [repeated measure]. Uca elegans data were analysed by the same factors but 

certain levels were excluded as indicated: Season [2 levels: dry and wet]; Tide 
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number [2 levels, random and nested in Season]; Cycle [2 levels: spring and neap]; 

Day [2 levels, random, and nested in Tide number and Season]; Site type [2 levels: 

muddy and loamy sites]; Site number [2 levels, fixed, nested in Site type]; 

Microhabitat [21evels: clearing and edge]; Year [2 levels: 1997 and 1998]; and Sex 

[ repeated measure]. For these analyses Cochran's test was significant (0.01 < P < 

0.05), so the criterion for significance in the ANOVA was set at P = 0.01. Tukey's 

(HSD) tests (0: = 0.05) were used to compare some of the means after the ANOV A. 

Comparing relationships between environmental data and abundance 

Correlation coefficients were determined for the relationships between Uca 

abundance and environmental variables. Three different variables pertaining to the 

previous tidal height were used: the height of the previous high tide; the mean of the 

heights of the two previous high tides; and the tallest of the two previous high tides. 

Parallelism tests were done to compare the slopes of the regressions of males and 

females ofthe same species. To further assess the relationship between Uca 

abundance and each ofthe environmental variables, sexes were pooled to compare 

the slopes ofthe regressions of the three different species. The integrated effect of 

environmental variables and abundance of different Uca species on Uca abundance 

was assessed through mUltiple regression analysis. 
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Results 

Correlation of crab and burrow dimensions 

The relationship between all crab measurements and burrow diameter was non-linear 

(Figs. 5.1-5.2). Comparison of r-values showed that a power curve was generally the 

best fit and therefore all variables were transformed by taking logarithms. For each 

species, crab measurements were significantly correlated with burrow diameter 

(Tables 5.la-5.lc). The relationships between carapace dimensions and burrow 

diameter were close. For these relationships r > 0.82, such that 67-81 % of variation 

in carapace dimensions could be explained by burrow diameter. Carapace width

rather than carapace breadth-was chosen to be predicted from burrow diameter, as 

most workers use this variable to indicate crab size. The sex of Uca did not have a 

significant effect on the slope or intercept of the regression of burrow diameter on 

carapace breadth or dry weight. Although the slopes did not vary, the intercepts of 

the regressions of U elegans carapace width and wet weight on burrow diameter and 

of U jlammula wet weight on burrow diameter were significantly larger for males 

than for females. 

Regressions of carapace width on burrow diameter were as follows: 

U jlammula (sexes pooled): log carapace width = 0.10 + 0.92 x log burrow diameter 

U signata (sexes pooled): log carapace width = 0.14 + 0.89 x log burrow diameter 

U elegans (male): log carapace width = 0.30 + 0.79 x log burrow diameter 

U elegans (female): log carapace width = 0.20 + 0.85 x log burrow diameter 



Fig. 5.1 

Scatter plots of carapace width and breadth on burrow diameter. Each point 

represents data from one crab. Plots are shown for both sexes: filled symbols = 

males; and open symbols = females. Data for different species are plotted on separate 

graphs: squares = U. flammula (Graphs A and D); triangles = U. signata (Graphs B 

and E); and circles = U. elegans (Graphs C and F). 
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Fig. 5.2 

Scatter plots of wet and dry weight on burrow diameter. Each point represents data 

on one crab. Plots are shown for both sexes: filled symbols = males; and open 

symbols = females. Data for different species are plotted on separate graphs: squares 

= U. jlammula (Graphs A and D); triangles = U. signata (Graphs B and E); and 

circles = U. elegans (Graphs C and F). 
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Table 5.1 Relationships between burrow and crab dimensions 

Correlation coefficients (r-values) are given for the relationships between diameter of 
the burrow aperture, carapace width and breadth, and wet and dry weights. For dry 
weight n = 10, others n = 100. Regressions were performed on log transformed data. 
The slope and intercept of the regressions were compared between the sexes. F 
values are given for the results of the parallelism test (P), and for the analysis of co
variance (I), where appropriate. Cochran's test was not significant (P > 0.05) for log 
transformed data 



a) U.flammula 

Correlation Variables Male (r) Female (r) P I 
Burrow Diameter Carapace Width 
Burrow Diameter Carapace Breadth 
Burrow Diameter Dry Weight 
Burrow Diameter Wet Weight 
Carapace Width Carapace Breadth 
Carapace Width Dry Weight 
Carapace Width Wet Weight 
Carapace Breadth Dry Weight 
Carapace Breadth Wet Weight 
Dry Weight Wet Weight 

b) U. signata 

0.90*** 0.90*** 1.08 
0.90*** 0.89*** 0.07 
0.97*** 0.93*** 0.04 
0.90*** 0.89*** 1.99 
1.00*** 0.99*** 6.97** 
0.99*** 0.99*** 4.79* 

2.40 
0.80 
0.42 
9.28*** 

1.00*** 0.99*** 12.39*** -
0.99*** 0.99*** 8.14* 
1.00*** 0.98*** 25.20*** -
1.00*** 1.00*** 0.27 5.77* 

Correlation Variables Male (r) Female (r) P I 
Burrow Diameter Carapace Width 0.84*** 0.82*** 1.06 0.01 
Burrow Diameter Carapace Breadth 0.82*** 0.83*** 0.79 0.60 
Burrow Diameter Dry Weight 0.83*** 0.85** 0.18 0.57 
Burrow Diameter Wet Weight 0.85*** 0.83*** 3.54 3.60 
Carapace Width Carapace Breadth 0.99*** 0.99*** 3.45 15.56*** 
Carapace Width Dry Weight 0.97*** 0.93*** 0.02 6.40* 
Carapace Width Wet Weight 0.99*** 0.99*** 15.51 *** -
Carapace Breadth Dry Weight 0.94*** 0.93*** 0.29 4.23 
Carapace Breadth Wet Weight 0.98*** 0.99*** 24.67*** -
Dry Weight Wet Weight 0.99*** 0.96*** 0.58 1.14 

c) U. elegans 

Correlation Variables Male (r) Female (r) P I 
Burrow Diameter Carapace Width 0.89*** 0.90*** 0.46 6.12* 
Burrow Diameter Carapace Breadth 0.89*** 0.89*** 1.07 0.80 
Burrow Diameter Dry Weight 0.98*** 0.93*** 0.01 4.38 
Burrow Diameter Wet Weight 0.88*** 0.88*** 0.11 22.37*** 
Carapace Width Carapace Breadth 0.99*** 0.99*** 2.25 11.28*** 
Carapace Width Dry Weight 0.97*** 0.99*** 0.84 4.71* 
Carapace Width Wet Weight 0.99*** 0.99*** 0.89 85.09*** 
Carapace Breadth Dry Weight 0.97*** 0.99*** 0.25 4.40 
Carapace Breadth Wet Weight 0.98*** 0.99*** 3.52 107.56*** 
Dry Weight Wet Weight 0.99*** 0.99*** 1.30 0.01 
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Comparing carapace widths of three Uca populations 

Over one season 

Size frequency distributions of the U flammula and U elegans populations were not 

normally distributed on one of the dry season days, but those of the U signata 

popUlation were distributed normally on all days (Table 5.2a: Figs. 5.3-5.5). Females 

of U. signata and U elegans were significantly smaller than males (Table 5.2b), 

presumably because growth of females slows or ceases temporarily once they attain 

the size of sexual maturity (Colby and Fonseca 1984). The mean carapace width did 

not vary significantly between spring tides, and there was significant variation 

among days for U. elegans and U signata but not for U.flammula (Table 5.2b). 
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Table 5.2 Comparing carapace widths of Uca populations over the 
dry season 1997 

a) Analysis of size frequency distributions 

Results of Chi-squared tests that determine if the size frequency distributions of 
male, female and all crabs are normally distributed on different dates are shown. 
Data for each species were grouped into the following size classes: 20 mm U. 
flammula; 10 mm U. signata; and 15 mm U. elegans. Where necessary, some size 
classes were pooled. 

21-23 24-26 20-22 23-25 
Ucaspp. Sex June June July July 
jIammula Male 8.03 4.62 7.70 5.77 

Female 23.24** 6.01 8.66 7.39 
All 23.15** 7.79 10.88 14.18 

signata Male 6.49 3.32 5.21 9.63 
Female 1.93 1.60 0.42 6.76 
All 8.79 3.62 9.91 9.35 

elegans Male 1.87 7.97 2.72 5.38 
Female 8.30 10.39 19.10 9.29 
All 5.00* 9.43 17.90* 11.89 

b) Analysis of variance of carapace widths 

The table shows the results of analyses of the carapace widths of different Uca 
species over the dry season 1997. Data for each species were analysed by 3 F 
ANaVA with the following factors: Spring tide [2 levels]; Day [2 levels, random 
and nested in Spring tide]; and Sex. Cochran's test was not significant (P > 0.05) for 
the transform that is indicated. 

Uca spp. 
jIommula signata elegans 

Factor df MS F MS F MS F 
Springtide 1 12.72 1.43 0.01 0.02 0.40 0.01 
Day 2 8.92 0.52 0.31 3.63* 46.08 5.46** 
Sex 1 327.85 18.31 4.90 66.35* 588.81 24.75* 
Spring x Sex 1 2.31 0.13 0.18 2.49 0.13 0.01 
Day x Sex 2 17.90 1.05 0.07 0.88 23.78 2.82 

Transform none ~(X + 1) none 



Fig. 5.3 

Size frequency distributions of male and female U flammula sampled on four days 

during the dry season 1997. 
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Fig. 5.4 

Size frequency distributions of male and female U. signata sampled on four days 

during the dry season 1997. 
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Fig. 5.5 

Size frequency distributions of male and female U. elegans sampled on four days 

during the dry season 1997. 
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Over several seasons 

The size frequency distributions of the males were always normally distributed 

(Table 5.3a: Figs. 5.6-5.8). During the transition from wet to dry, female U elegans 

and the U flammula population (1998 only) were not distributed nonnally by size. 

The U signata population was nonnally distributed by size only during the dry 

season 1997. Evidence from the plots of size frequency distributions (Figs. 5.6-5.8) 

suggests that juveniles were being recruited during the transition from wet to dry. 

The mean carapace width of U jlammula did not vary between seasons (Table 5.3b: 

Fig. 5.9a). Uca signata became significantly smaller over time (Fig. 5.9b), and a few 

more samples would have determined if this pattern would persist. The size of U 

elegans differed significantly between three groups of seasons (Fig. 5.9c). In order of 

increasing size, these groups were as follows: the transitions from wet to dry; the wet 

and dry seasons; and the transition from dry to wet. For all species, females were 

significantly smaller than males. It must be noted that changes in mean size may not 

reflect growth of those individuals recruited during the same period but could 

indicate differential mortality. 
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Table 5.3 Comparing carapace widths of Uca populations over 
several seasons 

a) Analysis of size frequency distributions 

Results of Chi-squared tests that determine if the size frequency distributions of 
male, female and all crabs are normally distributed on different dates are shown. 
Data for each species were grouped into the following size classes: 20 mm U. 
jlammula; 10 nun U. signata; and 15 mm U. elegans. \\There necessary some size 
classes were pooled. 

Tran Dry Tran Wet Tran Dry 
May June Nov Feb May July 

Uca spp. Sex 97 97 97 98 98 98 
flam mula Male 4.60 7.32 4.12 8.28 2.86 

Female 6.01 3.03 3.06 4.29 2.22 
All 7.79 10.17 6.20 13.78* 1.77 

signata Male 3.32 7.06 8.66 11.45 5.48 
Female 1.60 6.35 13.32* 3.91 5.71 
All 3.62 19.38* 15.26 27.77*** 20.36** 

elegans Male 8.35 7.97 2.44 5.35 6.24 4.94 
Female 12.68* 10.39 7.81 2.86 15.71 * 4.63 
All 16.04* 9.43 8.00 7.85 14.41 10.26 

b) Analysis of variance of carapace widths 

The table shows the results of analyses ofthe carapace widths of different Uca 
species over several seasons. Data for each species were analysed by 2F ANOV A 
with the following factors: Seasons [5 levels]; and Sex. Cochran's test was not 
significant (P > 0.05). 

Uca species 
flammula signata elegans 

Factor df MS F MS F MS F 
Seasons 4 36.47 2.35 96.95 18.78*** 122.19 16.07*** 
Sex 1 90.56 5.83* 102.35 19.83*** 581.57 76.47*** 
Seasons x Sex 4 14.25 0.92 4.65 0.90 5.22 0.69 
Residual 490 15.52 5.16 7.60 
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Fig. 5.6 

Size frequency distributions of male and female U. flammula from June 1997 to July 

1998. 
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Fig. 5.7 

Size frequency distributions of male and female U signata from June 1997 to July 

1998. 
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Fig. 5.8 

Size frequency distributions of male and female U elegans from May 1997 to 

July1998. 
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Fig. 5.9 

Change in Uca carapace width from May 1997 to July 1998. Each point represents 

the mean of approximately 50 crabs, and error bars give ± 1 SE. Sexes are 

represented thus: filled symbols = males; and open symbols = females. Data for 

different species are plotted on separate graphs: (A) squares = U flammula; (B) 

triangles = U signata; and (C) circles = U elegans. 
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Temporal patterns in surface activity within one spring tide 

The number of active U. flammula significantly decreased from early, mid to the 

later periods oflow tide (Fig. 5. lOa; Table 5.4). Day was also a significant factor but 

there appeared to be no definite trend, with most U. flammula active on day 6, least 

on day 4, and all other days having intermediate numbers. The number of U. signata 

active during each period was the same except for day 1, when there were fewer 

crabs during the later period (Fig. 5.lOb). Activity of female U. elegans did not vary 

with period or day. However for males, period was a significant factor on day 3 

(when more were counted earlier) and day 5 (when more were counted later) (Fig. 

5.10c). 
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Fig. 5.10 

Changes in surface activity of (A) U.jlammula, (B) U. signata, and (C) U. elegans 

from 16 to 21 September 1997. Each point represents the mean of counts from six 

0.56 m2 quadrats during a two-hour sampling period, and error bars give ± 1 SE. 

Sampling periods are represented thus: open symbols = before low tide; filled 

symbols with dotted line = during low tide; and filled symbols with straight line = 

after low tide. 
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Table 5.4 Analysis of variance of crab surface activity at one 
spring tide 

The table shows the results of analyses of abundance of different Uca species over 
one spring tide. Data for each species were analysed by 3F ANOV A with the 
following factors: Day [61evels: 16-21 September 1997]; Sampling period [3 levels: 
before, during, and after low tide]; and Sex [repeated measure]. Cochran's test was 
not significant (p >0.05) for U. signata and U. elegans data, and square root 
transformed u. flammula data. 

Uca species 
flammula signata elegans 

Factor df l\IS F MS F MS F 
Day (D) 5 0.17 2.70* 2.33 1.12 9.65 6.77*** 
Period (P) 2 0.20 3.25* 9.59 4.64* 1.43 1.00 
Sex (S) 1 0.07 0.92 1.85 0.72 23.34 17.86*** 
DxP 10 0.03 0.56 8.00 3.87*** 3.58 2.51* 
Dx S 5 0.03 0.39 4.76 1.86 2.06 1.58 
PxS 2 0.00 0.01 7.25 2.83 0.45 0.34 
DxPxS 10 0.14 1.77 1.60 0.62 3.34 2.55* 
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Long term temporal patterns in abundance 

Comparing spring tides 

The environmental data that was measured during faunal sampling could not be 

analysed, however certain trends were apparent when the data were plotted (Fig. 

5.11). Dry seasons tended to be cooler and less humid than other seasons, and wet 

seasons tended to be warmer and more humid. Soil temperatures tended to be coolest 

in the forest and wannest in the clearing, and the difference between microhabitats 

tended to be smaller at the creek banks compared to the other site types. Soil 

temperatures were generally lower than air temperatures. This difference appeared to 

be smallest at the clearings of the loamy sites during the wetter months. There did 

not appear to be a consistent trend in the air temperatures of the different 

microhabitats. However, seasonal differences in air temperatures appeared to be 

greater at the creek banks compared to the loamy sites. Relative humidity generally 

appeared to increase in order of clearing, edge and forest, particularly so in the 

muddy and loamy sites during the dry season 1997. Seasonal differences in relative 

humidity appeared smaller at the creek banks compared to the muddy and loamy 

sites. Comparison between years showed that all environmental variables measured 

during faunal sampling tended to have higher values during 1998 compared to 1997. 
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Fig. 5.11 

Long term change in environmental variables taken in situ during faunal sampling 

during spring tides. Data from the two different sites of each site type are pooled. 

Data from each site type are pooled and shown in a separate column of graphs as 

follows: left hand column = creek banks; middle column = muddy sites; and right 

hand column = loamy sites. Soil temperature data is plotted in the graphs A, D and 

G; air temperature data in graphs B, E, and H; and relative humidity data in graphs C, 

F, and 1. Each symbol represents the mean of counts from 24 quadrats sampled 

during each season, and error bars give ± 1 SE. Microhabitats are represented thus: 

open diamonds with dotted lines = clearing; :filled diamonds with dashed lines = 

edge; and filled diamonds with straight lines = forest. 
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Tide number was significant for all environmental variables that could be analysed, 

but year and season were only significant for some variables (Table 5.5; Fig. 5.12). 

Relative humidity during the wet and dry seasons was generally higher in 1998 

compared to 1997, but did not vary between years during the other seasons. 

Analysis and plots of the crab data highlight the patterns of spatial distribution of the 

three Uca species (Table 5.6; Fig. 5.13). Ucajlammula were more abundant in the 

creek bank and forested areas; U. signata were often found in the edge and 

sometimes forested areas; and U elegans were abundant in clearings at higher sites. 

There were greater numbers of male U jlammula and U signata compared to 

females, but there was no significant difference between the abundance of the sexes 

of U. elegans. The difference between days within a tidal cycle was highly 

significant for all species. Season, tide-number and year, were not significant as 

single factors. Uca signata abundance varied seasonally in the clearing and edge but 

not in the forest microhabitats. The sex ratio of U elegans, and possibly U. 

jlammula, tended to increase during the wetter months (Fig. 5.14). There were no 

seasonal trends for the sex ratio of U. signata, which tended to increase over the two 

years. The sex ratio of U. elegans tended to increase with greater distance from the 

forest, but microhabitat did not appear to have an effect on the sex ratio of the other 

two species. 
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Table 5.S Analysis of variance of environmental variables at 
spring tides 

The tables show the results of analyses of environmental variables at spring tides. 
Data for each environmental variable were analysed by 3F ANOV A with the 
following factors: Year [2 levels: 1997 and 1998]; Season [4 levels: dry, wet, and 
transitions]; and Tide number [2 levels, random and nested in Season]. The transfonn 
used is indicated together with the significance of Cochran's test (calculated after 
transfonnation of data). 

Air Temp. 0900 RH0900 RH 1200 RH 1500 
Factor df MS F M8 F M8 F MS F 
Year (Y) 1 0.27 0.03 486.00 12.08* 0.21 0.30 0.44 13.16* 
Season (8) 3 109.51 6.32 3212.86 8.58* 29.32 8.15* 2.60 14.17* 
Tide (T) 4 17.31 10.68*** 374.60 7.04*** 3.60 13.80*** 0.18 4.75** 
YxS 3 17.19 2.06 342.42 8.51* 5.29 7.52* 0.46 13.77* 
YxT 4 8.35 5.15*** 40.23 0.76 0.70 2.69* 0.03 0.86 

Transform none none --J(X + 1) 10g(X + 1) 
Cochran's 0.01 < P < 0.05 >0.05 >0.05 > 0.05 

Sun Rain HT Height-mean 
Factor df MS F MS F MS F 
Year (Y) 1 0.29 0.02 0.34 0.79 0.09 0.14 
Season (8) 3 169.27 2.05 23.88 8.06 0.51 1.86 
Tide (T) 4 82.46 19.70*** 2.96 4.12** 0.27 6.12*** 
YxS 3 7.41 0.62 1.04 2.44 0.30 0.45 
YxT 4 11.91 2.85* 0.43 0.59 0.66 14.72*** 
Transform none 10g(X + 1) none 
Cochran's > 0.05 0.01 < P < 0.05 >0.05 

Results of Tukey's (HSD) tests on means of relative humidity 

Wet season 
Transition to dry season 
Dry season 
Transition to wet season 

0900 1200 
1997 < 1998 1997 = 1998 
1997 = 1998 1997 = 1998 
1997 < 1998 1997 < 1998 
1997 = 1998 1997> 1998 
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1500 
1997 < 1998 
1997 = 1998 
1997 < 1998 
1997 = 1998 



Fig. 5.12 

Long tenn change in the following environmental variables during spring tides: (A, 

B, C) air temperature at 0900, 1200 and 1500; (D) rain; (E) sun; (F, G, H) relative 

humidity at 0900, 1200 and 1500; (I) mean tide height; and (J) wind speed. Data was 

courtesy of the Bureau of Meteorology. Each symbol represents the mean of the 

daily figures from six days of each spring tide when faunal sampling took place. 

Error bars give ± 1 SE. Data from each tide are shown: :filled squares = tide 1; open 

squares = tide 2. 
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Table 5.6 Analysis of variance of crab abundance at spring tides 

The table shows the results of analyses of abundance of different Uca species at 
spring tides. Ucajlammula and U. signata data were analysed by the following 
factors: Season [4 levels: dry, wet and transitions]; Tide number [2 levels, random 
and nested in Season]; Day [2 levels, random, and nested in Tide number and 
Season]; Site type [3 levels: creek banks, muddy and loamy sites]; Site number [2 
levels, fixed, and nested in Site type]; Microhabitat [3 levels: clearing, edge and 
forest]; Year [21evels: 1997 and 1998]; and Sex [repeated measure]. 

Uca elegans data were analysed by the same factors but certain levels were excluded 
as indicated: Season [4 levels: wet, dry and transitions]; Tide number [2 levels, 
random and nested in Season]; Day [2 levels, random, and nested in Tide number 
and Season]; Site type [2 levels: muddy and loamy sites]; Site number [2 levels, 
fIxed, and nested in Site type]; Year [2 levels: 1997 and 1998]; Microhabitat [2 
levels: clearing and edge]; and Sex [repeated measure]. 

Cochran's test was signifIcant (0.01 < P < 0.05) for X°.25 transformed data, therefore 
the criterion for significance in the ANOVA was set at P = 0.01. 



Uca species 
flammula signata elegans 

Factor df MS F MS F df MS F 
Season (Ss) 3 0.80 2.45 4.10 2.09 3 3.67 1.69 
Tide No. (Tn) 4 0.33 0.55 1.96 2.14 4 2.18 3.37 
Day (D) 8 0.59 4.57*** 0.92 4.94*** 8 0.65 5.19*** 
Site Type (St) 2 250.582170.40*** 21.95 18.68*** 1 0.52 1.60 
Site Number (Sn) 3 3.99 14.60*** 2.12 5.37 2 5.89 14.73** 
Microhabitat (M) 2 0.74 6.58 74.90 274.40*** 1 280.31 310.95*** 
Year (Y) 1 0.12 0.14 14.61 14.02 1 0.14 0.36 
Sex (Sx) 1 6.18 126.37*** 5.51 37.06** 1 2.43 4.36 

D x St 16 0.38 2.94*** 0.31 1.65 8 0.57 4.62*** 

Ss x Sn 9 0.53 1.95 2.87 7.25** 6 0.84 2.10 

Tnx Sn 12 0.27 2.22 0.40 0.90 8 0.40 4.89 

D x Si 24 0.12 0.95 0.44 2.37***16 0.08 0.66 

SsxM 6 0.10 0.85 2.10 7.69** 3 5.51 6.11 

DxM 16 0.22 1.67 0.24 1.28 8 0.35 2.83** 

StxM 4 20.33 86.35*** 40.90 62.09*** 1 10.83 34.87** 

SnxMi 6 1.82 14.31*** 8.39 16.40*** 2 7.63 8.55 

DxY 8 0.24 1.82 0.61 3.26** 8 0.35 2.82** 

Stx Sx 2 0.95 10.34** 0.58 8.45 1 0.44 4.70 

MxSx 2 0.12 1.83 0.39 1.94 1 1.08 33.12** 

Ss x Sn x M 18 0.36 2.83** 1.14 2.22 6 0.24 0.27 

Tn x SnxM 24 0.13 0.96 0.51 1.65 8 0.89 7.05*** 

Dx Sn xM 48 0.13 1.03 0.31 1.66** 16 0.13 1.02 

D x StxY 16 0.46 3.54*** 0.42 2.27** 8 0.38 3.06** 

D x Sn xY 24 0.l4 1.08 0.39 2.11** 16 0.37 2.98*** 

TnxMxY 8 0.21 2.55 1.20 3.99** 4 0.49 2.61 

D x St x Sx 16 0.24 2.l4** 0.14 1.31 8 0.15 1.27 

St x M x Sx 4 0.57 9.76*** 0.47 3.91 1 0.79 1.57 

Ss x Sn x M x Sx 18 0.27 4.01 *** 0.05 0.28 6 0.26 2.37 

D x StxY x Sx 16 0.32 2.92*** 0.06 0.59 8 0.10 0.85 

Results ofTukey's (HSD) tests on means of U. signata abundance 

Clearing Wet = D-W = W-D = Dry 

Edge D-W = W-D > Wet = Dry 

Forest D-W = Wet = W-D = Dry 

Abbreviations are as follows: D-W is transition from dry to wet season, and W-D is 

transition from wet to dry season 
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Fig. 5.13 

Long tenn change in apparent abundance of Uca during spring tides. Data from each 

site type are pooled. Graphs are labelled thus: creek banks clearing (A) edge (B), and 

forest (C); muddy sites clearing (D), edge (E), and forest (F); and loamy sites 

clearing (G), edge (H), and forest (1). Each symbol represents the mean of counts 

from 24 quadrats sampled during each seaso~ and error bars give ± 1 SE. Species 

are represented thus: squares = U flammula, triangles = U signata; and circles = U 

elegans. Sexes are represented thus: filled symbols = males; and open symbols = 

females. 
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Fig. 5.14 

Long term change in sex ratio of (A) U. flammula, (B) U. signata, and (C) U. elegans 

during spring tides. Each point represents the mean of the sex ratio from 72 quadrats, 

and error bars give ± 1 SE. Sex ratio was determined in each quadrat thus: number of 

males/(number of males and females). Microhabitats are represented thus: open 

symbol = clearing; cross = edge; and filled symbol = forest. 



0 
; 
ns 
tx: 
>< 
Q) 

en 

4.0 
3.5 
3.0 
2.5 
2.0 
1.5 
1.0 

(A) U. flammuJa 

0.5~ __ ~ __________ ~ ____ ~ __ ~ ______ __ 

4.0 
3.5 
3.0 
2.5 
2.0 
1.5 
1.0 
0.5 

4.0 
3.5 
3.0 
2.5 

(8) U. signata 

.~ ....... T 
..... ·r··· ] 

(C) U. eJegans 

2.0 Q.. ,'. 

1.5 ·····4".····X········I'~'-......" ... , ..... ··;·It······ 
1 0 // ',Y --- '//""" . :±/ '¥ ............ 
0.5~=-~----~~--~----~--~~~-=--

Wet WID Drv OIW Wet WID Dry DIW 
1997 1998 



Comparing spring and neap tides 

The environmental data that were measured during faunal sampling could not be 

analysed, however similar trends seen when comparing spring tides are apparent 

when the data are plotted (Fig. 5.15). Differences between the three environmental 

variables during spring and neap tides show no consistent pattern and appear to be 

smaller than the difference between the dry and wet seasons irrespective of season. 

There was a general trend for all environmental variables to have higher values 

during 1998 compared to 1997. 

Excluding rain and mean high tide height, tide number was a significant factor for all 

the other environmental variables that were analysed (Table 5.7; Fig. 5.16). Year and 

season were significant factors for relative humidity but not for air temperature. 

During the wet season relative humidity did not vary significantly between years, but 

the dry season of 1997 was significantly less humid than that of 1998. As to be 

expected there was more rainfall during the wet season. The height of the neap tides 

did not vary between seasons, but spring tides were significantly higher during the 

wet compared to the dry season. 
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Fig. 5.15 

Long term change in soil temperature (A, D, G), air temperature (B, E, H), and 

relative humidity (C, F, I) during faunal sampling of spring and neap tides. Data from 

each site type are pooled and shown in a separate column of graphs as follows: left 

hand column = creek banks; middle column = muddy sites; and right hand column = 

loamy sites. Each bar represents the mean of counts from 24 quadrats sampled during 

each season, and error bars give + 1 SE. Microhabitats are represented thus: open 

bars = clearing; striped bars = edge; and filled bars = forest. The first bar of each 

microhabitat type represents data collected during spring tides, and the second bar 

adjacent to this represents data collected during neap tides. 
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Table 5.7 Analysis of variance of environmental variables at spring and neap tides of the Wet and Dry seasons 

The tables show the results of analyses of environmental variables at spring and neap tides. Environmental data were analysed by 4F ANOV A 
with the following factors: Year [2 levels: 1997 and 1998]; Season [2 levels: wet and dry]; Tide number [2 levels, random and nested in Season]; 
and Tide [2 levels: spring and neap]. The transform used is indicated together with the significance of Cochran's test (calculated after 
transformation of data). 

Air Temp. 0900 Air Temp. 1500 Sun Rain 
Factor df MS F MS F MS F MS F 
Year (Y) 1 38.25 10.92 11.07 6.77 1.17 0.37 1.56 0.73 
Season (S) 1 389.62 34.15 6.62 0.34 524.54 7.01 70.45 38757.34*** 
Tide No (Tn) 2 11.41 5.55** 19.55 8.57*** 74.77 29.74*** 0.00 0.00 
Tide (T) 1 3.15 0.19 7.94 1.09 18.38 0.26 3.70 0.32 
YxS 1 57.97 16.54 3.60 2.20 4.08 1.30 1.56 0.73 
YxTn 2 3.50 1.70 1.64 0.72 3.15 1.25 2.12 2.85 
YxT 1 7.59 0.69 11.34 1.99 1.55 0.44 0.26 9.33 
SxT 1 11.34 0.70 17.34 2.38 62.73 0.90 3.70 0.32 
Tn xT 2 16.28 7.92*** 7.29 3.19 69.70 27.73*** 11.56 15.56*** 
YxSxT 1 0.51 0.05 6.93 1.22 4.42 1.25 0.26 9.33 
YxTnxT 2 10.97 5.33** 5.70 2.50 3.54 1.41 0.03 0.04 
Transform none none none log(X + 1) 
Cochran's 0.01 < P < 0.05 0.01 < P < 0.05 0.01 < P < 0.05 > 0.05 



RH 0900 RH 1200 RH 1500 Mean Tide Height 
Factor df MS F MS F MS F MS F 
Year (Y) 1 4620.38 72.08 17.27 72.59* 3800.17 539.67** 0.04 0.05 
Season (S) 1 17550.04 22.68 132.01 27.27* 29260.17 39.26* 0.84 32.78* 
Tide No (Tn) 2 773.77 12.37*** 4.84 18.18*** 745.21 8.86*** 0.03 0.42 
Tide (T) 1 165.38 0.45 2.36 1.13 400.17 1.62 45.00 12541.17*** 
YxS 1 1472.67 22.97 11.70 49.18* 1633.50 231.98** 0.13 0.15 
YxTn 2 64.10 1.03 0.24 0.89 7.04 0.08 0.89 14.59*** 
YxT 1 192.67 2.15 0.15 0.14 253.50 2.59 0.03 0.04 
SxT 1 6.00 0.02 0.00 0.00 96.00 0.39 0.51 142.64** 
TnxT 2 368.02 5.88** 2.09 7.85*** 246.38 2.93 0.00 0.06 
YxSxT 1 1457.04 16.28 3.00 2.65 770.67 7.86 0.35 0.53 
YxTn x T 2 89.52 1.43 1.13 4.34* 98.04 1.17 0.66 10.75*** 

Transform none ~(X + 1) none none 
Cochran's 0.01 < P < 0.05 >0.05 >0.05 >0.05 

Results ofTukey's (HSD) tests on means of relative humidity 
1200 1500 

Wet season 1997 = 1998 1997 < 1998 
Dry season 1997 = 1998 1997 < 1998 

Results of Tukey's (HSD) tests on means of mean tide height 
Spring tides Wet> Dry 
Neap tides Wet = Dry 



Fig. 5.16 

Long term change in the following environmental variables during spring and neap 

tides: (A, B, C) temperature at 0900, 1200 and 1500; (D) rain; (E) sun; (F, G, H) 

relative humidity at 0900, 1200 and 1500; (I) mean tide height; and (J) wind. Data 

was courtesy of the Bureau of Meteorology. Each bar represents the mean of the 

daily figures from 6 days of each spring and neap tide when faunal sampling took 

place, and error bars give + 1 SE. Tides are represented thus: open bars = tide 1; and 

striped bars = tide 2. The first bar of each tide number represents data collected 

during spring tides, and the second bar adjacent to this represents data collected 

during neap tides. 
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Spatial preferences were reflected in plots of Uca abundance over time (Figs. 5.17-

5.19). As single factors, year, season and tide number were not significant, yet the 

tidal cycle and day were significant for some species (Table 5.8). 

Although male U flammula were significantly more abundant than females, the 

difference between the abundance of the sexes was less significant in the dry season. 

Both sexes were significantly less abundant at the creek banks and muddy site forests 

in the dry season and less abundant during spring tides at the creek banks. For the 

other habitats, either the counts were too low for analysis or the abundance did not 

vary between seasons and tidal cycle. 

The abundance of U signata males did not vary significantly between years, but 

there were fewer females in the second year. At the creek banks, muddy site 

clearings and loamy site forests, U signata were more abundant during the wet 

compared to the dry season. There were no seasonal variations in U signata 

abundance at the other habitats. 

The abundance of U elegans did not vary between the sexes. There were seasonal 

differences in abundance depending upon the tidal cycle and microhabitat. During 

neap tides, abundance was greater in the wet compared to the dry season. During 

spring tides, abundance at clearings was greater in the dry season, but did not vary 

seasonally at edge microhabitats. 
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Fig. 5.17 

Change in apparent abundance of U. jlammula during the dry and wet seasons of 

1997-8. Data from each site type are pooled and shown in separate rows of graphs. 

Data collected on males are shown in the left column of graphs, and that on females 

are shown in the right column of graphs. Each bar represents the mean of counts 

from 24 x 0.56 m2 quadrats sampled during each season, and error bars give + 1 SE. 

Microhabitats are represented thus: open bars = clearing; striped bars = edge; and 

fIlled bars = forest. The fIrst bar of each microhabitat type represents data collected 

during spring tides, and the second bar adjacent to this represents data collected 

during neap tides. 
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Fig. 5.18 

Change in apparent abundance of U. signata during the dry and wet seasons of 1997-

8. Data from each site type are pooled and shown in separate rows of graphs. Data 

collected on males are shown in the left column of graphs, and that on females are 

shown in the right column of graphs. Each bar represents the mean of counts from 24 

x 0.56 m2 quadrats sampled during each season, and error bars give + 1 SE. 

Microhabitats are represented thus: open bars = clearing; striped bars = edge; and 

ftlled bars = forest. The first bar of each microhabitat type represents data collected 

during spring tides, and the second bar adjacent to this represents data collected 

during neap tides. 
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Fig. 5.19 

Change in apparent abundance of U. elegans during the dry and wet seasons of 1997-

8. Data from the muddy and loamy sites are pooled and shown in separate rows of 

graphs. Data collected on males are shown in the left column of graphs, and that on 

females are shown in the right column of graphs. Each bar represents the mean of 

counts from 24 x 0.56 m2quadrats sampled during each season, and error bars give + 

1 SE. Microhabitats are represented thus: open bars = clearing; striped bars = edge; 

and filled bars = forest. The first bar of each microhabitat type represents data 

collected during spring tides, and the second bar adjacent to this represents data 

collected during neap tides. 
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Table 5.8 Analysis of variance of crab abundance at spring and 
neap tides of the Wet and Dry seasons 

The table shows the results of analyses of crab abundance at spring and neap tides. 
Ucaflammula and U. signata data were analysed by the following factors: Season [2 
levels: dry and wet]; Tide number [2 levels, random and nested in Season]; Cycle [2 
levels: spring and neap]; Day [2 levels, random, and nested in Tide number and 
Season]; Site type [3 levels: creek banks, muddy and loamy sites]; Site number [2 
levels, fixed, nested in Site type]; Microhabitat [3 levels: clearing, edge and forest]; 
Year [2 levels: 1997 and 1998]; and Sex [repeated measure]. 

Uca elegans data were analysed by the same factors but certain levels were excluded 
as indicated: Season [2 levels: dry and wet]; Tide number [2 levels, random and 
nested in Season]; Cycle [21evels: spring and neap]; Day [2 levels, random, and 
nested in Tide number and Season]; Site type [2 levels: muddy and loamy sites]; Site 
number [2 levels, fixed, nested in Site type]; Microhabitat [2 levels: clearing and 
edge]; Year [21evels: 1997 and 1998]; and Sex [repeated measure]. 

Cochran's test was significant (0.01 < P < 0.05) for XO.25 transformed data, therefore 
the criterion for significance in the ANaVA was set at P = 0.01. 



flammula 
Uca species 
signata elegans 

Factor df MS F MS F df MS F 
Season (Ss) 1 17.75 39.02 20.02 11.95 1 7.52 1.72 
Cycle (C) 1 24.04 69.74 24.82 13.47 1 80.17 183.40** 
Tide No (Tn) 2 0.46 1.05 1.67 4.63 2 4.38 6.19 
Day (D) 4 0.43 3.88** 0.36 2.36 4 0.71 6.30*** 
Site Type (St) 2163.40 1347.61 *** 14.24 32.60** 1 0.06 0.52 
Site Number (Sn) 3 1.58 2.95 2.02 4.66 2 1.79 6.83 
Microhabitat (M) 2 2.73 38.72** 23.84 304.52*** 1 91.38 327.27** 
Year (Y) 1 0.52 2.87 4.44 3.49 1 1.14 0.91 
Sex (Sx) 1 7.21 1229.39*** 4.69 147.26** 1 2.48 20.57 
CxD 4 0.57 5.13** 0.66 4.33** 4 1.28 11.38*** 
Ss x St 2 11.37 93.79*** 2.17 4.97 1 0.05 0.44 
C x St 2 11.03 60.92** 1.15 1.50 1 0.25 0.36 
C xSn 3 0.82 2.39 0.06 0.27 2 1.10 91.37*** 
Tnx Sn 6 0.54 6.34** 0.43 1.62 4 0.26 1.09 
CxM 2 0.30 2.90 3.89 11.87 1 49.06 15867.91 *** 
StxM 4 5.25 64.30*** 23.48 144.50*** 1 6.46 31.62 
SnxM 6 0.92 4.09 3.70 7.56** 2 3.48 13.37 
DxY 4 0.11 0.94 0.34 2.23 4 1.15 10.25*** 
Ss x Sx 1 0.88 150.60** 0.00 0.00 1 0.91 7.53 
St x Sx 2 1.63 63.27*** 0.42 2.75 1 0.38 2.46 
YxSx 1 0.01 0.06 0.67 1377.82*** 1 0.01 9.96 
C x D x St 8 0.39 3.50*** 0.41 2.70** 4 0.41 3.64** 
Ss x C x Sn 3 0.19 0.56 0.79 3.49 2 0.47 38.92** 
SsxC xM 2 0.15 1.44 2.25 6.87 1 12.96 4190.51*** 
Ssx StxM 4 1.06 13.03** 1.83 11.25** 1 3.76 18.43 
C x StxM 4 2.17 38.20*** 1.39 2.59 1 0.98 0.64 
D x Sn xY 2 0.12 1.09 0.36 2.35** 8 0.20 1.78 
DxMxY 8 0.15 1.35 0.18 1.17 4 0.52 4.63** 
StxMx Sx 4 0.35 11.87** 0.57 11.00** 1 0.40 1.44 
C xDx SnxY 12 0.12 1.06 0.35 2.26** 8 0.30 2.70** 
Tn x Stx M xY 8 0.20 1.31 1.19 14.91*** 2 0.19 0.80 
DxSnxMxY 24 0.06 0.57 0.21 1.38 8 0.42 3.71 *** 
C x D x Sb x Sx 8 0.27 2.67** 0.10 1.09 4 0.01 0.18 
Ss x St x Y x Sx 2 0.18 0.44 0.05 0.80 1 0.61 195.08** 
D x StxYx Sx 8 0.20 1.95 0.16 0.08 4 0.29 3.59** 
CxTnxStxYxSx 4 0.29 1.83 0.08 0.22 2 0.52 4.32** 
CxDxSnxMxYxSx 24 0.12 1.14 0.07 0.77 8 0.22 2.71 ** 
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Results ofTukey's (HSD) tests on means of U.flammula abundance 

a) Wet season Male » Female 
Dry season Male> Female 

b) Clearing Edge Forest 
Creek banks Wet> Dry Wet> Dry Wet > Dry 
Muddy sites nc Wet = Dry Wet > Dry 
Loamy sites nc nc Wet = Dry 

c) Clearing Edge Forest 
Creek banks Spring> Neap Spring> Neap Spring> Neap 
Muddy sites nc Spring = Neap Spring = Neap 
Loamy sites ne nc Spring = Neap 

Results ofTukey's (HSD) tests on means of U. signata abundance 

a) Male 1997 = 1998 
Female 1997> 1998 

b) Clearing Edge Forest 
Creek banks Wet> Dry Wet> Dry Wet > Dry 
Muddy sites Wet> Dry Wet = Dry Wet = Dry 
Loamy sites Wet = Dry Wet = Dry Wet> Dry 

Results ofTukey's (HSD) tests on means of U. elegans abundance 

Spring tides 
Neap tides 

Note ne = not calculable 

Clearing Edge 
Wet < Dry Wet> Dry 
Wet> Dry Wet> Dry 



Comparing relationships between environmental data and abundance 

As expected there were many significant relationships between environmental 

variables (Table 5.9). Given the large number of correlations that were done, 5% 

would be significant by chance alone (Type 1 error rate a. = 0.05). Relative humidity 

and air temperature were significantly correlated to each other. Both these factors 

were significantly correlated to soil temperature, sun, and rain, yet wind and mean 

tide height had less affect. 

The relationship between Uca abundance and environmental variables varied with 

species and sex (Tables 5.10-5.11). Air temperature was positively correlated to the 

abundance of all Uca species, with the temperature at 1500 tending to be less 

significant than at the other times. Slopes did not vary between the sexes of U 

flammula, but there was some variation in the slopes between the sexes of the other 

species. There was no correlation between the temperature at 0900 and female U 

elegans. The slopes varied between the species when sex data were pooled (Table 

5.11). 

Relative humidity was positively correlated to U flammula abundance, with 

differences in slope between males and females at 0900 and 1200. There was no 

significant relationship with U signata and male U elegans abundance and relative 

humidity. Female U. elegans abundance was negatively correlated to relative 

humidity at 1200 and after faunal sampling. 

The abundance of all Uca species was positively correlated to soil temperature. 

Slopes of the regressions varied with species, and with sex for U. elegans. Sun, wind 

and rain were all negatively correlated to U flammula abundance, yet had no 
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Table 5.9 Relationships between different environmental variables 

Correlation coefficients (r-values) are given for the relationships between environmental variables. Data on relative humidity and temperature of 
the air taken after faunal sampling (AFS) and temperature in the soil are included in the analyses (1990 < n < 2593). All other data is courtesy of 
the Bureau of Meteorology, and each pair of data comprised the mean of the variable for each day (n = 144). 

Air Air Air Mean 
Temp. Temp. Temp. RH RH RH RH Soil Sun Wind Rain Tide 
1200 1500 AFS 0900 1200 1500 AFS Temp. Speed Height 

Air Temp. 0900 .69*** .28** .58*** .55*** .55*** .56*** .58*** .82*** -.21* -.11 .02 .18* 
Air Temp. 1200 .61 *** .61*** .23** -.00 .15 .13*** .50*** .28** -.11 -.14 .10 
Air Temp. 1500 .39*** -.10 -.29** -.38*** -.22*** .13*** .50*** -.17* -.26** .06 
Air Temp. AFS .26*** .19*** .20*** .05* .58*** .15*** -.l3*** -.07** .08*** 
RH 0900 .87*** .85*** .82*** .62*** -.59*** .04 .42 .05 
RH 1200 .89*** .86*** .66*** -.70*** .05 .44*** .06 
RH 1500 .84*** .64*** -.62*** .05 .47*** .07 
RHAFS .60*** -.63*** .03 .44*** .04 
Soil Temp. -.40*** .03 .29*** .29*** 
Sun -.13 -.43*** -.13 
Wind Speed .11 .08 
Rain .11 



Table 5.10 Effect of sex on the relationship between Uca abundance 
and environmental variables 

Correlation coefficients (r-values) are given for the relationship between 
environmental variables and crab abundance (1990 < n < 2593). The slopes of the 
regressions were compared between the sexes of Uca. F values are given for the 
results of the parallelism test. 

a) U. jlammula 

Env. Variables Male (r) Female (r) P 
Air Temp. 0900 0.17*** 0.17*** 2.20 
Air Temp.1200 0.06** 0.07*** 0.00 
Air Temp. 1500 0.04* 0.05* 0.01 
Air Temp. AFS 0.09*** 0.08*** 1.19 
RH0900 0.14*** 0.12*** 3.92* 
RH 1200 0.14*** 0.11*** 4.92* 
RH1500 0.11 *** 0.09*** 2.43 
RHAFS 0.16*** 0.15*** 3.47 
Temp. in Soil 0.13*** 0.12*** 1.30 
Sun -0.11 *** -0.11*** 0.94 
Wind -0.09*** -0.11*** 0.03 
Rain -0.05** -0.07** 0.0 
HT Height-Previous 0.07*** 0 .. 08*** 0.22 
HT Height-Mean 0.10*** 0.10*** 0.96 
HT Height-Tallest 0.10*** 0.10*** 0.65 



b) U. signata 

Env. Variables Male (r) Female (r) p 
Air Temp. 0900 0.11 *** 0.13*** 0.57 
Air Temp. 1200 0.13*** 0.11*** 4.07* 
Air Temp. 1500 0.08*** 0.07** 1.07 
Air Temp. AFS 0.22*** 0.17*** 13.11*** 
RH 0900 0.02 0.02 0.08 
RH 1200 0.02 0.03 0.11 
RH 1500 0.02 0.04 0.02 
RHAFS -0.02 0.00 0.95 
Temp. in Soil 0.15*** 0.18*** 0.06 
Sun 0.01 -0.02 1.15 
Wind -0.03 -0.01 0.05 
Rain -0.02 -0.01 0.35 
HT Height-Previous 0.16*** 0.16*** 2.46 
HT Height-Mean 0.18*** 0.19*** 1.88 
HT Height-Tallest 0.18*** 0.19*** 1.31 

c) U. elegans 

Env. Variables Male (r) Female (r) P 
Air Temp. 0900 0.07*** 0.02 4.40* 
Air Temp. 1200 0.09*** 0.09*** 0.36 
Air Temp. 1500 0.04* 0.06* 0.28 
Air Temp. AFS 0.03 0.06** 0.66 
RH 0900 -0.13 -0.34 0.38 
RH 1200 -0.01 -0.04* 1.29 
RH 1500 0.01 -0.03 1.44 
RHAFS -0.01 -0.07*** 3.77 
Temp. in Soil 0.21 *** 0.17*** 5.70* 
Sun 0.03 0.06** 0.77 

Wind 0.04* 0.05* 0.01 

Rain 0.02 -0.01 0.95 
HT Height-Previous 0.23*** 0.23*** 2.01 

HT Height-Mean 0.24*** 0.23*** 3.82 

HT Height-Tallest 0.23*** 0.22*** 3.61 

Chapter 5: Temporal Patterns of Distribution 



Table 5.11 Effect of species on the relationships between Uca 
abundance and environmental variables 

Correlation coefficients (r-values) are given for the relationship between 
environmental variables and crab abundance (1990 < n < 2593). The slopes ofthe 
regressions were compared between the sexes of Uca. F values are given for the 
results of the parallelism test. 

fla. (r) sig.(r) el. (r) P 
Air temp. 0900 0.18*** 0.13*** 0.05 8.25*** 
Air temp. 1200 0.07*** 0.13*** 0.10*** 4.98** 
Air temp. 1500 0.05 0.08*** 0.05** 1.55 
Air temp. AFS 0.10*** 0.22*** 0.05** 26.94*** 
RH 0900 0.15*** 0.02 -0.24 14.87*** 
RH 1200 0.14*** 0.02 -0.03 13.57*** 
RH 1500 0.11*** 0.03 -0.01 6.62** 

RHAFS 0.18*** -0.01 -0.04* 25.75*** 
Temp. in Soil 0.14*** 0.18*** 0.21*** 6.67*** 

Sun -0.12*** 0.00 0.05* 15.56*** 

Wind -0.11 *** -0.28 0.05** 13.02*** 

Rain -0.07*** -0.02 0.01 2.54 

HT height-previous 0.08*** 0.17*** 0.25*** 25.85*** 

HT height-mean 0.12*** 0.20*** 0.26*** 20.94*** 

HT height-tallest 0.11 *** 0.20*** 0.25*** 19.95*** 

Chapter 5: Temporal Patterns of Distribution 



significant relationship with U signata. Uca elegans abundance was positively 

con-elated to sun and wind, but there was no significant relationship with rain. The 

height of the previous high tides was significantly correlated to all Uca species, and 

the slopes varied with species. 

The abundance of each species was negatively correlated with the abundance of the 

other two species (Tables S.l2a-S.12c). There were variations with sex in the slopes 

for the relationship between males of U. signata and U. flammula on U. elegans 

abundance. 

Multiple regression analysis indicated that the significance of factors varied more 

between species than between sexes (Table 5.13). Different factors were not 

correlated to the abundance of each species as follows: soil temperature for U 

flammula; wind and rain for U signata; and rain and sun for U. elegans. Mean tide 

height was always positively correlated, while the abundance of other species was 

always negatively correlated. Air temperature and relative humidity were correlated 

with each species although the direction of the relationship varied between species. 

When correlated, the direction of the relationship was always negative for rain and 

sun, but varied for wind. Uca jlammula and U signata abundance were best 

predicted by the mean tidal height, and U. elegans by soil temperature and mean tidal 

height. It must be noted that although the regressions were significant, they did not 

account for a large percentage of the variation in the abundance of the species: from 

13-27 %. 
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Table 5.12 Effect of sex on the relationships between abundance of 
different Uca species 

Correlation coefficients (r-values) are given for the relationship between the 
abundance of different crab species (n = 2592). The slopes ofthe regressions were 
compared between the sexes of Uca. F values are given for results of the parallelism 
test (P). 

a) U.flammula 

Uca Male (r) Female (r) 
signata 
Male -0.01 -0.04* 
Female -0.05** -0.05** 
All -0.03 -0.05* 
elegans 
Male -0.23*** -0.21*** 
Female -0.23*** -0.21*** 
All -0.25*** -0.23*** 

b) U. signata 

Uca Male (r) Female (r) 
flammula 
Male -0.01 -0.05** 
Female -0.04* -0.05** 
All -0.03 -0.06** 
elegans 
Male -0.13*** -0.10*** 
Female -0.12*** -0.09*** 
All -0.14*** -0.10*** 

c) U. elegans 

Uca Male (r) Female (r) 
flammula 
Male -0.23*** -0.23*** 
Female -0.21 *** -0.21*** 
All -0.25*** -0.24*** 
signata 
Male -0.13*** -0.12*** 
Female -0.10*** -0.09*** 
All -0.12*** -0.12*** 

p 

0.56 
0.32 
0.04 

7.06** 
7.38** 
8.77** 

p 

1.16 
0.02 
0.37 

4.51 * 
4.69* 
5.55* 

p 

1.82 
1.68 
2.23 

0.74 
0.60 
0.79 
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Table 5.13 Multiple regression of other crab species and environmental variables on crab abundance 

Regression coefficients (beta coefficients) are given for the variables in the analysis. 

U.flammula U. signata U. elegans 
Male Female All Male Female All Male Female All 

Variable r r r 
jlammula Male - - - -0.06* -0.13*** -0.10*** -0.17*** -0.17*** -0.19*** 
flammula Female - - - -0.12*** -0.08** -0.11*** -0.14*** -0.14*** -0.15*** 
signata Male -0.02 -0.09** -0.06* - - - -0.14*** -0.15*** -0.16*** 
signata Female -0.15*** -0.07* -0.13*** - - - -0.09** -0.09** -0.10*** 
elegans Male -0.17*** -0.16*** -0.19*** -0.15*** -0.14*** -0.16*** - - -
elegalts Female -0.15*** -0.14*** -0.17*** -0.14*** -0.13*** -0.15*** - - -
Mean Tide Height 0.22*** 0.22*** 0.25*** 0.25*** 0.25*** 0.27*** 0.25*** 0.25*** 0.27*** 
Soil Temp. -0.04 -0.02 -0.03 0.10** 0.17*** 0.14*** 0.38*** 0.30*** 0.38*** 
Air Temp. 0.15*** 0.14*** 0.16*** 0.15*** 0.08** 0.13*** -0.12*** -0.03 -0.09** 
RH 0.16*** 0.11*** 0.15*** -0.08* -0.09** -0.09** -0.13*** -0.17*** -0.17*** 
Wind Speed -0.07** -0.08*** -0.08*** 0.02 -0.00 0.01 0.05* 0.05* 0.06*** 
Rain -0.15*** -0.16*** -0.17*** -0.05 -0.04 -0.05 -0.03 -0.03 -0.04 
Sun -0.15*** -0.17*** -0.18*** -0.07* -0.07* -0.08** 0.03 0.01 0.02 

r2 r2 r2 

0.19*** 0.18*** 0.23*** 0.14*** 0.13*** 0.15*** 0.23*** 0.21*** 0.27*** 



Discussion 

The three species showed both similarities and differences in their temporal patterns 

of activity, population parameters and seasonal activity in different microhabitats. 

Interspecific differences may reflect physiological and habitat differences. 

Temporal patterns in activity 

The temporal patterns of numbers of active crabs in the Darwin Harbour mangroves 

were highly variable, with significant differences in activity between days within a 

single synodic cycle. This daily variation in activity reflects similar temporal changes 

in environmental factors or variation in other factors such as disturbance by 

predators. 

Unlike the other species, counts of U. flammula were greater earlier in the day, which 

Crane (1958) considered a primitive pattern of behaviour. However during the 

present study, high tides occurred early in the morning. This behaviour pattern may 

reflect tidal rhythms, which are known to have more influence on the activity of 

lower shore crabs compared to upper shore species (Barnwell 1968; Palmer 1973; 

Siep1e 1981; Barnwell and Martini 1992). However, in the mornings temperatures 

tended to be lower and the air more humid regardless oftide height. Counts of U 

jlammula were lower during the dry season and during neap tides when the air and 

soil also tended to be drier. This suggests that like many tropical Uca, they are less 

active when temperatures become too high, or conditions too drying (Crane 1941, 

1958, 1975; Powers and Cole 1976; Macintosh 1978). 

Correlations with environmental factors indicated that U jlammula numbers 

increased when loss of water from moist body surfaces would be minimised. Some 
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land crabs are only active when the air is very humid--during the wet season, or in 

mornings and evenings-otherwise they risk desiccation (Hicks 1985; Green 1997). 

Some lower shore Uca transpire faster (Edney 1961), and have a more permeable 

exoskeleton (Herreid 1969), than higher shore species. Uca jlammula may overcome 

their physiological limitations by behavioural means-emerging on the surface 

during wetter, cooler periods. Other crabs with similar, or more severe problems may 

be nocturnal, crepuscular or limit daytime activity to cloudy periods (Macnae 1966; 

George and Jones 1984; Seiple 1981). 

Uca elegans were active when the soil had been thoroughly wetted regardless of the 

spring/neap cycle, season or time of day. Similar patterns have been documented for 

other upper intertidal tropical crab species (Crane 1975; Zucker 1978; Micheli et al. 

1991). Presumably, these patterns reflect the crabs' dependence on water for feeding 

as well as for other physiological functions. 

The apparent increase in activity of U. elegans at the clearings during the dry season 

could simply reflect seasonal variations in time available to feed (i. e. during low tide 

periods when surface of substratum was wet from inundation by the preceding high 

tide). The same number of crabs may have been active all year, but it could appear 

there were more during the dry season because they were limited to periods of spring 

tides only. These activity patterns are likely to be a direct result of the substratum 

surface remaining exposed during neap tide periods and periods of low spring high 

tides during the dry season. 

Given that the soil was wet, the timing of U. elegans activity, particularly that of the 

females, suggests they can withstand high temperatures. The most effective ways to 

lower the body temperature for species living in clearings are carapace bleaching 
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(which reflects solar radiation) and wetting the body (which exploits evapo

transpirative cooling) (Smith and Miller 1973). Uca elegans tended to be more active 

during windy, less humid periods, presumably because there would be greater evapo

transpirative cooling (Teal 1959; Wilkens and Fingerman 1965; Smith and Miller 

1973; Vernberg 1984), especially in open habitats (Barnes 1997). Uca elegans may 

be protected from over-drying by having a low overall transpiration rate-which has 

been reported for other high level species (Edney 1961 )-and females utilising 

carapace bleaching (pers. obs.). 

Uca signata lived in habitats with a wetter soil compared to U elegans (Chapter 3). 

This apparent requirement is also reflected in the temporal variations of U signata 

abundance seen in this chapter. Like U flammula their abundance varied seasonally 

with less activity during the dry season. Yet, as with U eZegans, they were less active 

on the first day of a spring tide, although the spring/neap cycle per se was oflittle 

significance. 

Although the carapace of U Signata does whiten, temporal variations in their activity 

suggest that their physiological adaptations are intermediate to the other two species. 

Although they may not be as prone to desiccation and overheating as U flammuZa 

(Crane 1975), and can therefore be more opportunistic in timing their activity, they 

do not appear to be able to survive in the centre of high, exposed clearings like U 

elegans. This may be because of their size: U signata are small and smaller crabs are 

believed to be less resistant to desiccation than larger animals because of their greater 

surface area to volume ratio (Verwey 1930; Greenaway 1988). This is often reflected 

in the tendency for small crabs to live lower down in the intertidal zone (Warner 

1969; Chakraborty and Choudhury 1992b). However, there are other possible 
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explanations as to why a crabs' size should detennine its' distribution e. g. changes 

in predation, habitat and food. 

During the dry season salinity is likely to increase due to evaporation of water, and 

decrease in the wet season due to high rainfall (Berry 1972). While crab activity was 

reduced during the dry season in the present study, it seems unlikely that this was 

because of intolerance to high salinities. Uca species can osmoregulate powerfully 

over a wide salinity range (Baldwin and Kirschner 1976; D'orazio and Holliday 

1985). Intolerance of high salinity is unlikely to effect the distribution of other Uca 

species (Rabalais and Cameron 1985), but see (Crane 1975 p. 444; Price et al. 1987). 

Furthennore, U. elegans experienced hypothetically high salinities-due to intertidal 

position and lack of canopy cover-but showed the least seasonal variation in 

abundance. 

Temporal patterns in population parameters 

Breeding in tropical Uca populations may occur less often during drier seasons 

(pillai and Nair 1971; Crane 1975; Zucker 1976, 1978; Dittel and Epifanio 1990; 

Hagen 1993). Results from this chapter suggest that this is also the case for upper 

intertidal Uca in Darwin. The size frequency distributions ofthe Uca populations 

were more likely to deviate from a nonnal distribution during the transition from wet 

to dry, which suggests that this is when breeding most often occurred. However, this 

pattern was not consistent which could have been because there were more than one 

size ( age) class of adults in the population. If this was the case, the histograms could 

not be expected to be nonnal even without recruitment. While this technique may 

have its limitations, it can give an indication of when juveniles are being recruited to 

the population, and hence when breeding is occuring. 
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Seasonal differences in breeding periodicity may be due to several factors such as 

availability of food and water. Improved feeding conditions may occur during the 

wet season compared to the dry season because of increased leaflitter fall and 

sesannid activity (Robertson and Daniel 1989; Emmerson and McGwynne 1992), 

and meiofauna abundance (Dye 1983; Alongi 1987). It has been suggested that Uca 

occasionally prey on meiofauna (Hoffman et al. 1984). Little or no rain and lower 

tides that occur during the dry season may be less favourable for Uca reproduction. 

Ovigerous females sometimes migrate to damper conditions (pearse 1912; Crane 

1943), because their eggs must be kept moist (Christy and Salmon 1984; Salmon and 

Zucker 1987), before they are released into the water at nocturnal high tides (Morgan 

and Christy 1994; Morgan 1996a, 1996b). 

Factors that affect the survival of Uca larvae must also be considered. Findings from 

the present study show that the lowest sex ratios-that occur during breeding periods 

(Emmerson 1994)-were not coincident with the wettest times of the year, but with 

the months following these times. Furthermore, this coincided with the beginning of 

growth of new cohorts. This breeding pattern may reflect adaptation to reduce 

mortality on the larvae or juveniles caused by decrease in creek salinity (Barnes 

1967; Pi11ai and Nair 1971). 

Despite these similarities, there was evidence that the season of increased breeding 

was shorter for higher, more exposed species. A shorter breeding season for higher 

intertidal species has been reported in another mangrove habitat (Emmerson 1994), 

although not in temperate saltmarsh (Mouton and Felder 1995). 

The females at higher elevations in the present study may be more physiologically 

stressed because they favoured cooler, wetter, possibly more nutritious 
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microhabitats, yet those of U. flammula did not. Season variation of environmental 

factors may be greater at higher more exposed intertidal elevations compared to 

lower or vegetated habitats of Darwin Harbour mangroves. This may be due to 

climate seasonality (Taylor and Tulloch 1985), the large difference between spring 

and neap tides (Semeniuk 1985a), and the stabilising effect of the mangrove canopy 

on the environment (Sasekumar 1974). 

There appeared to be long-term annual variations in the U. signata popUlation, which 

were lacking in the larger species. Over the two-year study period, the population 

showed a steady decrease in mean size with a higher proportion of males to females. 

Personal observations suggested that this was occurring throughout the upper 

intertidal zone. 

Reasons for such patterns can only be speculated upon, for instance they could result 

from reduced or altered activity. These crabs could increase the time spent 

underground-some Uca remain underground for long periods. Alternatively, they 

could alter their rhythmic phase relationship, so they were no longer active at midday 

when the popUlation was sampled (Bennet et ai. 1957). Alternatively, the whole 

population could have been dying, while smaller crabs were being recruited from 

elsewhere. 

Temporal absences of other mangrove invertebrates may be due to their limited 

ability to withstand salinity and temperature stresses (Ferraris et al. 1994). In the 

present study, air and soil temperature and relative humidity all tended to be higher 

in 1998, particularly in the dry season. Perhaps U. signata may be more vulnerable to 

stressful conditions than the other species due to their smaller size. Females may 
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have been particularly affected because there were fewer females than males, and 

females were usually smaller than males (Crane 1975). 

Alternatively, this pattern could be a response to long term changes in the 

environment. The distribution of mangroves in Ludmilla has changed noticeably over 

the past 10 years (reference to aerial photos; pers. obs.). However, such long-term 

trends may be normal because similar trends that have been seen elsewhere have 

been followed by recovery of the populations (Cammen et al. 1984). 

Seasonal activity patterns in different microhabitats 

Seasonal changes in the distribution of crabs have been recorded for Uca species 

(Colby and Fonseca 1984; Mouton and Felder 1996), and other ocypodids 

(Shuchman and Warburg 1978). In the present study, the distribution of the more 

exposed species tended to widen during the wetter months. Uca elegans were more 

abundant around the edges of clearings in the wet compared to the dry season. 

Similarly, a greater proportion of active U. signata were found away from the edges 

of clearings during the wet season compared to the other seasons. 

Widening of distributions may be due to behavioural changes associated with 

seasonal reproduction-these include establishment of male territories (Crane 1975), 

more wandering by females (Zucker 1983, 1978), and increase in burrow changing 

(Wada 1983). Microhabitat had little effect on the seasonal variation of U. jlammula 

activity, presumably because environmental conditions between the microhabitats 

were less variable, and reproduction occurred all year. 
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CHAPTER 6 

MODELS TO EXPLAIN OBSERVED DIFFERENCES 



MODELS TO EXPLAIN OBSERVED DIFFERENCES 

Introduction 

Despite gaining the title of "keystone species" (Smith et aI.1991), very little is 

known about tropical mangrove crabs. Determining how and why fiddler crabs are 

distributed will help to understand the effects of fiddler crabs on mangrove 

communities. 

Most models to explain Uca distribution have been based on models of tidal height 

preferences and morphological adaptations to specific soil particle sizes (Teal 1958; 

Kerwin 1971; Smith and Miller 1973; Icely and Jones 1977; Macintosh 1978; Frith 

and Brunenmeister 1980; Mouton and Felder 1980; Chakraborty and Choudhury 

1992a). However, these variables varied little between the microhabitats examined in 

this study. Furthermore, many hypotheses are based on laboratory studies and these 

may not adequately reflect behaviour in the field where the effects of factors tend to 

co-vary. For example, Bertness and Miller (1984) found that in a New England salt 

marsh, soil hardness and root mat density were as important as tidal height to the 

distribution of U pugnax. 

The aim of the studies in this chapter was to test hypotheses, devised from 

information gained thus far, as to why U. flammula, U signata and U. elegans 

tended to occur where they did. An obvious difference between the microhabitats 

favoured by the species was the amount of vegetation (Chapter 3). Although this 

could affect a variety of environmental factors, I examined only the following: the 

ameliorating effect of shade cover, physical structure, and the presence of other 



animals such as predators and other Uca species on the distribution of the three Uca 

species. 

Many authors have attributed the distribution of Uca species to differences in 

metabolic or physiological function (Edney 1961; Wilkins and Fingerman 1965; 

Smith and Miller 1973; Macintosh 1978). These are often used to explain distribution 

patterns that vary with respect to latitude and tide height, although the importance of 

microhabitat characteristics has also been noted (Vernberg 1984). 

Uca elegans, U. signata and U. jlammula occupy increasingly more shaded-and 

therefore cooler and wetter-microhabitats (Chapter 3). The apparent affect of 

environmental factors on their spatial distribution appeared to be reflected in 

temporal distribution patterns (Chapter 5). I hypothesised that the ability to cope with 

high temperatures and dehydration varies among the Uca species. This hypothesis 

was tested by measuring the level of physiological stress in the field under different 

conditions. Transplantation and shade manipUlation experiments were used to further 

test this hypothesis. Limitations to this hypothesis are that it does not explain the 

absence of species from habitats that appear suitable. Furthermore, it would not be 

particularly surprising if species were adapted to their habitats. 

Two aspects of the physical structure of vegetation were to be examined. The first, 

suggested by Bertness and Miller (1984), was that burrows gain support from 

structural elements. Studies in Chapter 3 showed that the larger species-U. 

capricornis and U. jlammula-were associated with plant structural elements. 

Furthermore, U. jlammula abundance always showed positive correlations with area 

of plant stem and root coverage (Chapter 3). I hypothesised that U jlammula were 

not found in clearings because of the lack of plant structural elements to support their 
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burrows. This was experimentally tested by the examination of crab recruitment to 

areas with artificial structural elements added. 

The second aspect of the physical structure of vegetation to be examined was its 

appearance or visual effect. A forest is visually complex with no horizon, compared 

to a clearing, which is simple with a clearly defined horizon. Several workers have 

noted that crabs that live in flat clearings tend to have longer eyestalks than crabs that 

live in forest environments (references in Zeil et al. 1986). I examined eyestalk 

length of several Uca species to determine if this was correlated with habitat 

complexity. 

Uca elegans and the well-studied North American U. pugilator have several 

characteristics in common. They both live in areas with a clearly defined horizon, 

spend a lot oftime on waving displays (Chapter 4; Salmon and Hyatt 1983), and 

avoid objects regarded as threatening (Herrnkind 1968; Nobbs and McGuinness 

1999). Vision is needed to attract mates and detect predators, and discrimination of 

visual images requires a horizon (Land and Layne 1995). I hypothesised that U. 

elegans prefers to live in areas with a horizon because they can better discriminate 

images. This was experimentally tested in the field by examining crab abundance in 

areas where the horizon had been blocked with large barriers. This would be further 

tested in the previous experiment because structural elements that protrude above the 

soil would also tend to have a horizon-blocking effect. 

Mangrove crabs that are active on the mud surface are particularly susceptible to 

predation (Wilson 1989). Differential susceptibility to predators may partly explain 

the distribution of some Uca species, when those predators are only found in certain 

areas (Teal 1958). Compared with the forests, the clearings of Darwin Harbour 

Chapter 6: Models to Explained Observed Distributions III 



Table 6.1 Snake sightings at Ludmilla Creek 

The table shows the number of diurnal snake sightings from June 96 to September 
1999 in the landward zone of Ludmilla Creek mangroves. Sightings have been 
categorized according to the species, behaviour and general position of each snake
on substratum or in the creek, and exposed or under the canopy. 

Snake's Fordonia Myron Cerberus 
Position leucobalia richardsonii rhynchops 
and Behaviour Expos. Shaded Expos. Shaded Expos. Shaded 
On Substratum 

Still or Moving 2 6 1 0 1 0 
InspectinglEntering Burrow 2 11 0 0 0 0 
ConsumingIHolding Prey 0 3a 0 Ib 0 0 

In Creek 0 0 0 0 2 1 

Total 4 20 1 1 3 1 

a One snake had wrapped its coils around a large male U jlammula, this snake let the 
crab go presumably because of my presence. The other two snakes were each seen 
consuming a large mudlobster (Thalassinia anomola). Both snakes were eating the 
mudlobster tail first, and both snakes bit off the tail and left the head behind which I 
collected and took back to the laboratory. A crunching noise was clearly audible as 
the snakes bit off the tails. 

b One snake was in the process of consuming a slug (Gastropoda). 
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mangroves tend to have fewer possible predators of Uca, such as snakes (Table 6.1) 

and sesannids (Chapter 5), that are active on the mud surface. I hypothesised that the 

distributions of the three Uca species in relation to vegetation was a result of their 

differential susceptibility to predators found in the forest. This hypothesis was tested 

by monitoring the survival of individuals transplanted to different microhabitats. 

It is already known that the behaviour of the different species varies considerably 

(Chapter 4). One way in which species could differ in their susceptibility to predation 

is that, when threatened, some crabs might escape into their burrows quicker than 

others do. Timing their running speeds when under threat was a simple way to test 

this hypothesis. Another way by which species could differ in their susceptibility 

may depend upon their ability to defend themselves against predators. It seems 

reasonable to suppose that the effectiveness of the males' defense would depend 

upon the strength of their major claw. It was hypothesised that males of the different 

species had claws that varied in strength. This was tested by comparing the closing 

force of their claws, which can be estimated from crab and claw dimensions, 

(Levinton and Judge 1993; Levinton et al. 1995). 

Competition between Uca species may also be an important factor in their 

distribution (Teal 1958; Kerwin 1971; Ringold 1979; Frith and Brunenmeister 1980; 

Barnwell and Thurman 1984). Ucajlammula and U elegans rarely occurred together 

and U. elegans tended to be more isolated from males compared to the females of 

other Uca species (Chapters 3 and 5). I hypothesised that these species compete for 

food and space. Monitoring the survival of individuals of U jlammula and U. 

elegans that were caged together was used to test this hypothesis. 
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Method 

Assessing physiological stress using righting response times 

The time it takes for an upturned crab to right itself has been used to measure the 

level of physiological stress (Wilson 1989; Burger et al. 1991; Burger 1992b). This is 

more useful than a direct measure of a physiological function-such as amount of 

water lost via evapo-transpirative cooling-because impairment of a crab's ability to 

move can directly endanger its survival. Furthermore, crabs occasionally have to 

right themselves in the field as male crabs sometimes overturn their opponent during 

combat (Crane 1975; pers. obs.). 

Uca jlammula, U signata and U elegans were tested at muddy site 6, Ludmilla 

Creek in July 1997. Uca capricornis, U dam pieri, and U hirsutimanus were tested 

at the foreshore at East Point, Ludmilla Creek in December 1997. Righting times of 

crabs were examined in a large bucket filled with substratum to a depth of 5 cm. 

Each crab was placed onto the substratum with its ventral side uppermost. The length 

oftime each crab took to turn over was recorded. At each site, 28 individuals (14 of 

each sex) were tested under each ofthe following conditions: 

a) Control-These animals were tested immediately after being captured. 

b) Restrained in sun-These animals were tested after being restrained in a small 

transparent cup and placed on exposed soil for 2.5-3 h. 

c) Restrained in shade-These animals were tested after being restrained in a 

small transparent cup and placed under the shade of foliage for 2.5-3 h. 
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The carapace width of all crabs was measured after they had been tested, as size may 

affect tolerance to physiological stress (Vemberg 1930). 

Righting response times were analysed by a three-factor ANCOVA, with carapace 

width as the covariate. The factors were as follows: Zone [2 levels: landward and 

seaward]; Species [3 levels, nested in Zone: landward zone, U. flammula, U. signata 

and U. elegans; seaward zone, U. capricornis, U. dam pieri and U. hirustimanus]; 

Sex; and Treatment [3 levels: control, restrained in sun and shade]. Data were log 

transformed. Cochran's test was significant (0.01 < P < 0.05) for log transformed 

data therefore the significance level for ANCOVA was increased to P = 0.01. The 

Bryant-Paulson generalisation of Tukey's (HSD) tests (a = 0.05) were used to 

compare means after the ANCOV A (Huitema 1980). 

Running times 

Speed trials were done in the clearing of muddy site 6, Ludmilla Creek. This site was 

chosen because it was close to the entrance of the mangroves making it easier to 

carry the necessary equipment. A runway was constructed on the soil surface. It 

consisted of two 1.2 x 0.25 m wooden planks, placed parallel to each other and 

approximately 5 cm apart. Crabs were placed at one end of the runway and chased 

with a stick. The stick was held approximately 5 cm away from the carapace at crab 

eye height. The length of time that each crab took to run from one end of the runway 

to the other end was recorded. This method reduced crab-handling time to a few 

seconds and enabled crabs to be tested in their natural habitat. These crabs become 

very docile when over-handled or removed from their habitat (pers. obs.). A similar 

method was used by Frix et al. (1991) to test the retreat speed of two Uca species 

from simulated avian predators. 
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Running speeds may depend on a variety of factors such as size or sex of crab, length 

of legs. Therefore, the carapace width of each crab was recorded after each runnino 
l:> 

trial. Eleven crabs of each sex of U flammula, U elegans and U signata were tested. 

Each crab was tested once. 

Running times were analysed by a two-factor ANCOVA, with carapace width as the 

covariate. The factors were as follows: Species (3 levels: U flammula, U eiegans, 

and U signata]; and Sex. Cochran's test was significant (0.01 < P < 0.05) for log 

transformed data, therefore the significance level for ANCOV A was increased to P = 

0.01. The Bryant-Paulson generalisation of Tukey's test was used to compare means 

after the ANCOV A (Huitema 1980). 

Eyestalk morphology 

Five individuals of U mjoebergi, U capricornis, U hirsutimanus, U flammula, U. 

signata, U. dampieri, U. elegans, and U. seismella were captured in the field. Two 

measurements were taken from each individual-eye separation (E) and carapace 

width (CPW). The ratio of eye separation to carapace width (E/C) was calculated for 

each species. This gives a measure ofthe length of eyestalks, which is independent 

of animal size. 

Claw closing force 

Crab and claw measurements were taken for ten males of U flammula, U. elegans 

and U. signata. Closing force of each crab was calculated from these measurements. 

A parallelism test was done to compare the slopes of the regression of carapace 

width on closing force between the different species. Closing force data were 

analysed by a one-factor ANCOVA, with carapace width as the covariate. The factor 
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was Species [3 levels: U.flammula, U. elegans, and U. signata]. Cochran's test was 

significant (0.01 < P < 0.05) for log transfonned data, therefore the significance level 

for ANCOV A was raised to P = 0.01. 

Shade and structura1 elements 

The edge of a muddy site was chosen for this study, because it would be easier to add 

rather than remove shade and structural elements, and all three species of crab were 

found close by. Muddy site 3, Ludmilla Creek was preferred because it was the 

furthest from the entrance to the creek and therefore the least likely to suffer human 

disturbance. 

Shade was provided by lattice trellis covered with shade cloth that was suspended 

25 cm above the soil using fence droppers. Vegetative structures-plant stems and 

roots-were represented by lengths of wooden doweling that was 6 mm in diameter. 

Both the above and below ground components of vegetative structures were 

represented. "Above-below dowels" represented both components, and these were 

25 cm long with 10 cm pushed into the soil. "Below dowels" represented the 

underground component, and these were 10 cm long with the whole length pushed 

into the soil so they were flush with the surface. "Above dowels" represented the 

aboveground component, and these were 25 cm long and attached to the lattice trellis 

so they were suspended above the soil. Twenty dowels ofthe same type were used 

for each plot where appropriate. No wooden doweling was added to the "no dowels" 

treatment. 

Plots of 0.60 x 0.60 m positioned within 1 m of the edge ofthe clearing were marked 

with thin wooden sticks. All treatments were set up on 17 and 18 December 1997. 
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Each of the 28 plots was assigned to one of seven treatments, giving four replicate 

plots for each treatment. The seven treatments were as follows (Fig. 6.1): 

(a) "Shade and above-below dowels" 

(b) "Shade and above dowels" 

(c) "Shade and below dowels" 

(d) "Shade and no dowels" 

(e) "No shade and above-below dowels" 

(f) "No shade and below dowels" 

(g) ''No shade and no dowels" 

Unfortunately the treatment "no shade and above dowels" could not be set up, 

because there was no way to suspend dowels in mid air. 

The number of Uca species and sesarmids at each plot were recorded after an 

observer had sat still for ten min (i.e. scan sampling). Abundance was sampled 

before the treatments were set up (i.e. on 15 December 1997), and at various 

intervals afterwards up to 74 weeks. By 74 weeks, some of the shaded plots had been 

destroyed, presumably by floating driftwood at high tide. Photographs were taken of 

some ofthe plots after 94 weeks. 

At each plot, the numbers ofsesarmid burrows were recorded after 9 weeks, as were 

the numbers of soil mounds after 9, 13 and 17 weeks. After 13 weeks, a small soil 

sample from each plot was placed into a plastic bag and taken to the laboratory for 

analysis. The soil was weighed and dried to a constant weight for approximately 2 
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Fig. 6.1 

Diagrammatic representation of the different treatments used in the shade and 

structural element experiment. The top row represents treatments shaded by lattice 

trellis covered with shade cloth suspended 25 em above the substratmn using fence 

droppers. The bottom row represents exposed treatments. The seven treatments were: 

(a) Shade and above-below dowels 

(b) Shade and above dowels 

(c) Shade and below dowels 

(d) Shade and no dowels 

(e) No shade and above-below dowels 

(f) No shade and below dowels 

(g) No shade and no dowels 
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weeks at 105°C. The weight of the fraction lost in the drying was calculated as 

percentage moisture. The dry soil was placed in a muffle furnace at 500ae for 36 h. 

The ash-free dry weight was determined and the organic content was estimated as the 

weight of the fraction lost. The temperature of the soil at a depth of 15 em was 

recorded at each plot after 17 weeks. 

Data on plots from "shade and above dowel" treatments were not included in the 

analyses because this would cause an unbalanced design. Counts of crabs at 36 

weeks were used for the analyses. Counts of each species from individual plots were 

analysed by two-factor ANOVAs. The factors were as follows: Shade level [2 levels: 

exposed or shaded]; and Dowel type [3 levels: none, below, and above-below]. 

Square root transformed U elegans and U signata data, and log transformed U 

jlammula fuid sesarmid data were not significant by Cochran's test (P > 0.05). 

Data from "shade and above dowels" treatments were not included in the following 

analyses. Data collected at each date on sesarmid burrows, soil mounds, soil moisture 

and organic content and soil temperature were analysed by two-factor ANOVAs. The 

factors were as follows: Shade level [2 levels: exposed or shaded]; and Dowel type 

[3 levels: none, below, and above-below]. Cochran's test was not significant (P > 

0.05) for square root transformed soil-moisture content data, and all other data. 

Where appropriate, Tukey's (HSD) tests (a = 0.05) were used to compare means 

after the ANOV As. 
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Horizon 

The clearing of muddy site 3, Ludmilla Creek was chosen for this experiment 

primarily because there had been no evidence of human activity during field trips, so 

it was less likely to be disturbed. Barriers, (1.2 m x 2.4 m x 10 mm) constructed out 

of either black or clear plastic, were kept in place with fence droppers. The black 

barriers were used to obscure the view of the horizon. The physical presence of the 

barrier could cause artefacts such as alteration of the direction or speed of water 

flow, or disturbance caused by their initial construction. Clear barriers were used as 

controls because they did not obscure the view of the horizon, yet provided a similar 

physical presence as the black barriers. As shadows cast by barriers could influence 

the results, barriers were placed in two directions-north-south barriers to give 

maximum shadow coverage, and east-west barriers to give minimum shadow 

coverage. 

Three parallel "lanes" (2.4 x 0.3 m) either side of each barrier, were marked with 

flagging tape held in place with wire. These lanes were regarded as far, at 

intermediate distance (mid) or close to the barrier. Control areas were also similarly 

marked with lanes although these had no central barrier. Altering the orientation of 

the barriers also controlled for the effect of shade and weather conditions. Two 

replicates of the following six treatments were set up on 6 January 1998: 

(a) No barrier pointing north-south 

(b) Clear barrier pointing north-south 

(c) Black barrier pointing north-south 

(d) No barrier pointing east-west 
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( e) Clear barrier pointing east-west 

(f) Black barrier pointing east-west 

The lanes were marked and sampled a week prior to constructing the barriers. The 

number of individual U elegans present on the surface within each lane were 

recorded after an observer had sat motionless for 10 min (i.e. scan sampling). The 

number of open burrows within each lane was also recorded. This was repeated 6, 

11, 15 and 20 weeks after the barriers had been constructed. The number of sesarmid 

burrows within each lane was recorded after 15 weeks. 

Data from individual lanes on one side of each barrier were used as replicates. The 

number of burrows and crabs within each lane counted after different intervals of 

time were expressed as a percentage of the number counted at the beginning of the 

experiment. Percentages at different times were analysed by several four-factor 

ANOVAs. The factors were: Barrier type [3 levels: control, clear and black]; Barrier 

number [2 levels, random and nested in Barrier type and Direction]; Direction of 

barrier [2 levels: north-south and east-west]; and Lane distance from barrier [3 levels, 

repeated measure: close, mid and far]. Cochran's test was not significant (P > 0.05) 

for crab data at 6 weeks, and square root transformed data at 11 and 15 weeks and 

log transformed data at 20 weeks. Cochran's test was not significant (p > 0.05) for 

burrow data at 6,11, and 15 weeks. Log transformed burrow data at 20 weeks was 

significant by Cochran's test (0.01 < P < 0.05); therefore the significance level in the 

ANOVA was set at P = 0.01. Where appropriate, Tukey's (HSD) tests (ex = 0.05) 

were used to compare means after the ANOV As. 

Data on sesarmid burrows were analysed by a three-factor ANOV A with the factors: 

Barrier type [3 levels: control, clear and black]; Direction of barrier [2 levels: north-
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south and east-west]; and Lane distance from barrier [3 levels, repeated measure: 

close, mid and far]. Arcsine transformed data were not significant by Cochran's test 

(P > 0.05). 

Transplantation 

Experiment 1: Effect of habitat and interspecific competition on U. 

flammula and U. elegans 

Twenty-four enclosures were made of strips of clear plastic with dimensions of2.4 x 

0.5 m. The strips were bent into circular shapes that enclosed an area of 0.47 m2• 

These were buried into the soil up to a depth of 15 cm. Twelve enclosures were 

buried at the clearing of muddy site 2, Ludmilla Creek on 28 March 1998. The other 

twelve enclosures were buried at the forest of creek bank 2, Ludmilla Creek on 29 

March 1998 and on 1,3, and 5 April 1998. The burial depth of the creek bank 

enclosures was reduced in some places because it was difficult to dig through the 

root-mat. Holes that had a diameter of 5 mm were drilled into the plastic to allow 

water to escape at low tide. 

At each habitat, three control-plots enclosing an area of 0.47 m2 were marked with 

flagging tape that was secured to the soil with wire. Another three control-plots were 

similarly marked at each habitat after the soil was disturbed. 

Three replicates ofthe following treatments at each habitat were set up using either 

enclosures or control-plots as indicated: 

a) Undisturbed control-plot-soil was not disturbed 

b) Disturbed control-plot-soil was disturbed 
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c) "Control" enclosure--original Uca were left in the enclosure 

d) "Same species" enclosure--original Uca were removed, different individuals 

(three males and two females) of the same species as the original Uca were added 

to the enclosure 

e) "Foreign species" enc1osure--original Uca were removed, three males and two 

females of the species not usually found at that habitat were added to the 

enclosure 

:t) "Both species" enclosure--original Uca were removed, three males and two 

females of both species were added to the enclosure 

For the appropriate treatments crabs that were originally living within the enclosures 

were removed between 6-10 April. The carapace widths of individuals of U 

jlammula and U elegans were recorded then added to the enclosures at the muddy 

site and creek bank on 11 and 13 April respectively, as necessary. 

At both habitats, crabs were sampled after 4 and 10 weeks. For a 10 min period, an 

observer recorded the sex and species of all crabs active within the enclosures or that 

emerged from burrows within the control-plots. After 10 weeks, the occupied 

burrows within the enclosures were marked with wooden sticks. The species of the 

occupant and distance between the burrow and the edge of the enclosure were 

recorded. 

An unpaired t-test was used to determine if the distance between the burrow and the 

enclosure varied between species. 
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Data on crab counts from the different treatments were analysed separately 

depending upon whether crabs had been deliberately moved or not. Crabs which had 

not been deliberately moved (treatments A, B, C) were classed as "unmoved"; and 

crabs which had been moved (treatments D, E, F) were classed as "transplanted". 

Counts of unmoved males and females per enclosure or control-plot were analysed 

by a three-factor repeated measure ANOVA. The factors were as follows: Treatment 

[3 levels: with disturbance and with enclosure; with disturbance and without 

enclosure, without disturbance and without enclosure]; Sex [repeated measure]; and 

Time [2 levels, repeated measure: at 0 and 10 weeks]. Cochran's test was not 

significant (P > 0.05). 

Counts oftransplanted Uca per enclosure were expressed as a percentage ofthe 

number that were added to the enclosure-referred to as percentage survival. The 

percentage survival of transplanted males and females per experimental enclosure 

after 4 and 10 weeks were analysed by three-factor repeated measure ANOV As. The 

factors were as follows: Number of species in enclosure [2 levels: alone, or with 

another species]; Position of enclosure [2 levels: muddy site or creek bank]; and Sex 

[repeated measure]. Cochran's test was not significant (P > 0.05) for Uflammula 

data at 4 weeks, U elegans data at 10 weeks, and other data that were square root 

transformed. 

The carapace widths of transplanted U. flammula and U. elegans were analysed by a 

two-factor ANOV A. The factors were as follows: Sex; and Species [2 levels: U. 

flammula and U. elegans]. Cochran's test was not significant (p > 0.05). 

Chapter 6: Models to Explained Observed Distributions 123 



Experiment 2: Effect of different predator types on U. elegans 

Results of the first experiment suggested that U elegans were less able to survive at 

the creek bank site. Possible reasons for this include predation. Predators could enter 

enclosures by two methods: they could come over the top (i.e. aerial or water 

predators such as fish and birds) or enter from underneath the mesh (i. e. sesarmids). 

Thus, an experiment was designed to determine whether predation was the factor, 

and which type of predator was most important. 

The twelve enclosures at the creek bank were used for this experiment. All crabs in 

the enclosures were removed, and then each enclosure was subject to one of four 

kinds of treatment. The treatments were: 

(a) "Control"-no extra soil and no mesh 

(b) "Extra soil"-add layer of soil 

(c) "Extra soil low mesh"-add mesh to bottom of enclosure, then cover this with 

a layer of soil (to exclude predators entering the enclosures from underneath) 

(d) "Extra soil high mesh"-add layer of soil, and seal the top of the enclosure 

with mesh (to exclude aerial or aquatic predators) 

The treatments were set up on 5 and 8 July 1998. Three male and two female U. 

elegans were added to each enclosure on 11-12 July 1998. The number and sex of 

crabs active within each enclosure during a 10 min observation period were recorded 

2 and 6 weeks after the start of the experiment. 

Chapter 6: Models to Explained Observed Distributions 
124 



Paired t-tests were used to compare the percentage survival of males and females in 

all experimental enclosures. To examine the effect of treatment on percentage 

survival, data for both sexes per enclosure were pooled. Percentage survival after 2 

and 6 weeks were analysed by one-factor ANOVAs with the factor Treatment [4 

levels: Control, extra soil, extra soil low mesh, extra soil high mesh]. Cochran's test 

was not significant (P > 0.05). 

Experiment 3: Effect of aerial predators on U. elegans 

Results of the second experiment suggested that U elegans had a greater chance of 

survival in enclosures that excluded aerial predators (i. e. predators entering from 

above the enclosure) such as fish and birds. However, these results were 

inconclusive, perhaps due to invasion of predators via the roofs, which may not have 

been as secure as possible. The aim of this experiment was to attempt to test this 

hypothesis. In order to ensure that aerial predators were excluded from the enclosures 

two types of roofs were used. The first type consisted of one layer of mesh and was 

similar to that used in the previous experiment. The second type had two layers of 

mesh and was therefore more secure. 

The twelve enclosures at the creek bank were used for this experiment. After 

removing any crabs, each enclosure was subject to one of three kinds of treatment. 

The treatments were: 

(a) ''No roof'-No roof on the top ofthe enclosure. 

(b) "Poor roof'-Seal top of enclosure with one layer of mesh-equivalent to the 

mesh roofs used in the previous experiment. 

(c) "Good roof'-Seal top of enclosure with two layers of mesh. 
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Three male and two female U elegans were added to each enclosure on 8 September 

1998. The number and sex of crabs active within each enclosure during a 10 min 

observation period were recorded 14 and 17 days after the start of the experiment. 

The percentage survival of male and female U e/egans in experimental enclosures 

after 14 days was analysed by a two-factor repeated measure ANOVA. The factors 

were as follows: Treatment [3 levels: no roof, poor roof, good roof]; and Sex 

[repeated measure]. To examine the effect of treatment on percentage survival after 

17 days, data for both sexes per enclosure were pooled. Cochran's test was not 

significant (P > 0.05). Paired t-tests were used to compare the percentage survival of 

males and females in all experimental enclosures after 17 days. 
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Results 

Assessing physiological stress using righting response times 

Carapace width-corrected righting response times significantly increased from 

control, shade and sun treatments respectively (Fig. 6.2; Table 6.2). Tukey's test 

results show that restrained crabs from the seaward zone took longer to tum over 

than those from the landward zone. In the landward zone, RRT's of crabs restrained 

in the shade did not vary. For those restrained in the sun, times increased in the order 

from U elegans, U signata, and Ujlammula. In the seaward zone, times for 

restrained crabs were shorter for U dampieri compared to the other two species. 

Running times 

Carapace width-corrected running times varied significantly between species, but did 

not vary between the sexes (Tables 6.3a-6.3b). The Bryant-Paulson generalisation of 

Tukey's test showed that the only significant difference between the carapace width

corrected running times was the difference between U. jlammula and U. signata. 
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Fig. 6.2 

Carapace width-corrected righting response times of Uca jn. the (A) landward and 

(B) seaward zones. Each bar represents the mean righting response time (in seconds) 

of28 crabs (14 male and 14 female crabs): striped bars = control crabs; filled bars = 

crabs restrained in the shade; and open bars = crabs restrained in the sun. Error bars 

give + 1 SE. 
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Table 6.2 Analysis of co-variance of righting response times and 
carapace widths 

The table shows the results of analyses of righting response times and carapace 
widths. Data on righting response times were analysed by a 3 F ANCOV A, with 
carapace width as the covariate. The factors were as follows: Zone [2 levels: 
landward and seaward]; Species [3 levels, nested in Zone: Landward zone, U. 
jlammula, U. signata and U. elegans; Seaward Zone, U. capricornis, U. dampieri 
and U. hirustimanus]; Sex; and Treatment [3 levels: control, restrained in sun and 
shade]. Cochran's test was significant (P > 0.05) for log transformed data, therefore 
the significance level for ANCOVA was increased to 0.01. 

Righting Response Time 
Factor df MS F 
Species 4 6.21 6.58*** 
Zone 1 32.29 34.21*** 
Sex 1 2.03 2.15 
Treatment 2 194.24 205.78*** 
Species x Sex 4 0.47 0.50 
Zone x Sex 1 0.35 0.37 
Species x Treatment 8 2.77 2.94** 
Zone x Treatment 2 10.58 11.20*** 
Sex x Treatment 2 0.18 0.19 
Species x Sex x Treatment 8 1.15 1.22 
Zone x Sex x Treatment 2 0.91 0.97 
Residual 467 0.94 

Results ofthe Bryant-Paulson generalisation ofTukey's (HSD) tests (ex = 0.05) on 
means of carapace width adjusted righting response times 

Landward Zone 
Control elegans = signata = flammula 
Shade-treated elegans = signata = jlammula 
Sun-treated elegans < signata < flammula 

Seaward Zone 
Control dampieri = capricorn is = hirsutimanus 
Shade-treated dampieri < capricornis = hirsutimanus 
Sun-treated dampieri < capricorn is = hirsutimanus 

Both Zones 
Control landward zone = seaward zone 
Shade-treated landward zone < seaward zone 
Sun-treated landward zone < seaward zone 
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Table 6.3 Running times 

a) Actual and carapace width-corrected running times 

The table shows the time in seconds that crabs took to run a distance of 1.2 m (n = 
22). Actual and carapace width-corrected (adjusted) means are given. 

Running Times (s) 
Uca Actual Adjusted 
Species Mean SE Mean 
jlammula 5.68 0.62 6.38 
elegans 12.95 2.10 13.43 
signata 20.77 2.06 19.60 

b) Analysis of co-variance of running times and carapace widths 

The table shows the results of analyses of running times and carapace widths. Data 
on running time were analysed by a 2 F ANCOV A, with carapace with as the 
covariate. The factors were as follows: Species [3 levels: U. jlammula, U. signata 
and U. eZegans]; and Sex. Cochran's test was significant (P > 0.05) for log 
transformed data, therefore the significance level for ANCOV A was increased to 
0.01. 

Running Time 
Factor df MS F 
Species 2 3.45 10.91 *** 
Sex 1 0.16 0.50 
Species x Sex 2 0.28 0.88 
Residual 59 0.32 
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Eye stalk morphology 

The E/C-ratios tended to be higher for species living in more visually complex 

habitats (Table 6.4). 

Claw closing force 

The relationship between closing force and carapace width was non-linear (Fig. 

Comparison ofr-values showed that a power curve was the best fit and therefore 

both variables were transfonned by taking logarithms. Log transformed variables 

were significantly correlated (ANCOV A: combined r = 0.88, n = 30, P < 0.001). 

slopes ofthe regressions for the three species were parallel (MS = 1.09, df= 2, F 

=5.15, P > 0.05). Carapace-width corrected closing force did not vary significantly 

between the three species (ANOVA: df= 2, MS = 0.03, F = 0.89, P > 0.05). 
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Table 6.4 Eye stalk morphology 

The table shows the ratio of eye separation to carapace width (E/C) for Uca species. 
Data taken from live animals (n = 5 for each species). Habitats are described for each 
species (Crane 1975; George and Jones 1982; Hagen and Jones 1989; pers. obs.). 

Uca EtC Ratio Close to Vegetation? Steep Surface? 
Species Mean SE Yes Away Yes No 
Broad-Front 

mjoebergi 0.60 0.02 ./ ..I X ./ 
Narrow-Fronts 

capricornis 0.50 0.01 ./ X ..I ./ 
hirsutimanus 0.45 0.02 ./ X ..I ./ 
flammula 0.42 0.02 ./ ..I ..I ./ 
signata 0.41 0.02 ./ ..I X ./ 
elegans 0.39 0.01 X ..I X ./ 
dam pieri 0.36 0.02 X ..I X ./ 
seismella 0.35 0.01 ./ ..I ./ ./ 

Chapter 6: Models to Explain Observed Differences 



Fig. 6.3 

Scatter plot of the claw-force on carapace width of Uca. Each point represents data 

on one crab, and n = ten crabs. Species are represented thus: squares = U. flammula; 

triangles = U signata; and circles = U elegans. 
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Shade and structural elements 

Shade levels significantly affected counts of U elegans and sesarrnids from the 12th 

week (Table 6.5a), and Ujlammula and U signata by the 36th week (Tables 6.5b-

6.5c). There were no individuals of Ujlammula seen at any of the exposed plots 

(Fig. 6.4). After the 12th week and up until the end of the experiment, Ujlammula 

counts tended to increase at the shaded plots. Counts of U elegans tended to 

decrease over time at the shaded plots, yet their numbers were stable at the exposed 

plots (Fig. 6.5). After the 8th week sesannids were seen in all of the shaded plots, yet 

few were seen in plots that were exposed (Fig. 6.6). There tended to be a slight 

increase in the counts of U. signata at shaded plots (Fig. 6.7). Dowel type had no 

significant effect on crab counts (Table 6.5). 

On the dates that they were sampled, the number of sesannid burrows, soil moisture 

and organic content were all significantly greater at the shaded treatments (Tables 

6.6a-6.6c, Table 6.7). The number of soil mounds did not vary significantly between 

treatments up to 13 weeks. At 17 weeks, more mounds were seen under the shaded 

compared to the exposed "below dowels" treatments, but shade level had no effect 

on the mounds ofthe other dowel treatments. Photographs were taken of plots at 95 

weeks, to illustrate the greater number of soil mounds seen at the shaded plots 

compared to the exposed plots (Fig. 6.8). 

The soil of shaded treatments did not vary with dowel type and was cooler than 

exposed treatments. Soil at exposed treatments with no dowels was hotter than 

exposed treatments with dowels (Table 6.6c). 
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Table 6.5 Analysis of variance of crab counts at different 
experimental treatments (shade and structural elements) 

The table shows the results of analyses of crab counts at experimental treatments of 
shade and structural elements. Data collected after 12, 17 and 36 weeks were used 
for the analyses. Counts of each species from individual plots were analysed by 2F 
ANOV As. The factors were as follows: Shade level [2 levels: exposed or shaded]; 
and Dowel type [3 levels: none, below, and above-below]. Cochran's test was not 
significant (P > 0.05) for the transform indicated. 

a) After 12 weeks 

U.flammula U. signata U. elegans Sesarmids 
Factor df MS F MS F MS F MS F 
Shade (S) 1 0.00 0.00 104.17 53.57*** 15.04 57.00*** 
Dowels (D) 2 2.17 0.80 3.38 1.74 0.04 0.16 
SxD 2 6.00 2.20 1.04 0.54 0.04 0.16 
Residual 18 2.72 1.94 0.26 
Transform none none none none 

b) After 17 weeks 

U.flammula U. signata U. elegans Sesarmids 
Factor df MS F MS F MS F MS F 
Shade (S) 1 0.17 2.00 0.00 0.00 40.04 41.78***13.50 34.71*** 
Dowels (D) 2 0.04 0.50 3.50 1.56 2.79 2.91 0.29 0.75 
SxD 2 0.04 0.50 3.50 1.56 2.04 2.13 0.13 0.32 
Residual 18 0.08 2.25 0.96 0.39 
Transform none none none none 

c) After 36 weeks 

U.flammula U. signata U. elegans Sesarmids 
Factor df MS F MS F MS F MS F 
Shade (S) 1 1.15 7.72* 2.66 13.24** 8.92 161.02*** 6.14 107.66*** 
Dowels (D) 2 0.02 0.11 0.64 0.07 0.06 1.12 0.01 0.20 
SxD 2 0.02 0.10 0.49 0.12 0.17 3.07 0.06 1.07 
Residual 18 0.15 0.20 0.06 0.06 
Transform log(X + 1) "",(X + 1) "",(X + 1) 10g(X + 1) 
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Fig. 6.4 

Long term change in counts of U. jlammula at experimental plots. Plots with 

different dowel treatments are shown on separate graphs: (A) no dowels; (B) above 

dowels; (C) below dowels; (D) above-below dowels. Each point represents the mean 

of counts at four replicate plots: filled squares = shaded plots; and open squares = 

exposed plots. Error bars give ± I SE. 



(A) No dowels (B) Above dowels 
3.5 3.5 

3.0 3.0 

2.5 2.5 

2.0 2.0 ... 
1.5 1.5 0 -Co 
1.0 1.0 '-

<U 
c.. 0.5 0.5 
~ 

0.0 0.0 :l 
E 
E 
~ 't;; (C) Below dowels (0) Above-below dowels 

::i 
\t-

3.5 3.5 
O 3.0 3.0 
J!l 
c 2.5 2.5 
::::l 
0 2.0 2.0 
(.) 

1.5 1.5 

1.0 1.0 

0.5 0.5 

0.0 0.0 
0 3 8 12 17 36 14 0 3 8 12 17 36 74 

Number of weeks 



Fig. 6.5 

Long term change in counts of U. elegans at experimental plots. Plots with different 

dowel treatments are shown on separate graphs: (A) no dowels; (B) above dowels; 

(C) below dowels; (D) above-below dowels. Each point represents the mean of 

counts at four replicate plots: filled circles = shaded plots; and open circles = 

exposed plots. Error bars give ± I SE. 
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Fig. 6.6 

Long tenn change in counts of sesarmids at experimental plots. Plots with different 

dowel treatments are shown on separate graphs: (A) no dowels; (B) above dowels; 

(C) below dowels; (D) above-below dowels. Each point represents the mean of 

counts at four replicate plots: filled diamonds = shaded plots; and open diamonds = 

exposed plots. Error bars give ± 1 SE. 
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Fig. 6.7 

Long tenn change in counts of U. signata at experimental plots. Plots with different 

dowel treatments are shown on separate graphs: (A) no dowels; (B) above dowels; 

(C) below dowels; (D) above-below dowels. Each point represents the mean of 

counts at four replicate plots: filled triangles = shaded plots; and open triangles = 

exposed plots. Error bars give ± 1 SE. 
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Table 6.6 Analysis of variance of environmental factors at 
different experimental treatments (shade and structural 
elements) 

The tables show the results of analyses of environmental factors at different 
experimental treatments of shade and structural elements. Data collected after 9, 13 
and 17 weeks were used for the analyses. Counts of each environmental factor were 
analysed by 2F ANOV As. The factors were as follows: Shade level [2 levels: 
exposed or shaded]; and Dowel type [3 levels: none, below, and above-below]. 
Cochran's test was not significant (P > 0.05) for the transform indicated. 

a) After 9 weeks 

Soil Sesarmid 
Mounds Burrows 

Factor df MS F MS F 
Shade (S) 1 0.67 0.96 37.50 64.29*** 
Dowels (D) 2 0.38 0.54 1.17 2.00 
SxD 2 0.29 0.42 1.50 2.57 
Residual 18 0.69 0.58 
Transform none none 

b) After 13 weeks 

Soil Soil Soil 
Mounds Moisture Organic Content 

Factor df MS F MS F MS F 
Shade (S) 1 2.04 2.19 2.57 65.60*** 52.21 23.97*** 
Dowels (D) 2 0.79 0.85 0.01 0.21 0.87 0.40 
SxD 2 1.29 1.39 0.05 1.29 6.55 3.01 
Residual 18 0.93 0.04 2.18 
Transform -V(X + 1) none none 

c) After 17 weeks 

Soil Soil 
Mounds Temperature 

Factor df MS F MS F 
Shade (S) 1 3.38 5.93* 8.88 182.71 *** 
Dowels (D) 2 0.04 0.07 0.17 3.40 
SxD 2 2.63 4.61* 0.40 8.13** 
Residual 18 0.57 0.05 
Transform none none 
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Table 6.7 Difference between factors at shaded and exposed 
treatments 

The table shows the means of factors at experimental treatments (shaded treatments n 
= 16, and exposed treatments n = 12). The table indicates the number of weeks 
the construction of treatments that data on each factor was recorded. 

-
Time Shaded Exposed 

Factor (Weeks) Mean SE Mean SE 
Sesarmid Burrows (.56m-z) 9 2.92 0.28 0.42 0.18 
Soil Organic Content (%) l3 15.17 0.40 12.22 0.46 
Soil Moisture Content (%) l3 46.22 0.82 37.64 0.58 
Soil Temperature (>C) 17 28.98 0.06 30.20 0.10 
Soil Mounds (.56m-2

) 17 1.44 0.26 0.58 0.22 
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Fig. 6.8 

Photographs to show the effect of shade on soil topography. (Note treatments set up 

on 17-18 December). These were taken 95 weeks after treatments were set up around 

the edge of the clearing at muddy Site 3. 
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Horizon 

Results on U. elegans suggest that there may have been pre-existing differences 

between the treatment plots (Fig. 6.9). Therefore, percentages of original crabs and 

burrows present were used in the analysis. The percentages of crabs and burrows 

differed with respect to the distance of the lane from the barrier at certain times 

(Tables 6.8a-6.8b). There tended to be higher percentages in the far lanes compared 

to the closer lanes (Fig. 6.10). After 15 weeks, the north/south facing black barriers 

had significantly lower percentages of burrows in close lanes compared to further 

lanes (Table 6.8). However at this time no differences were found between lanes of 

the east/west facing black barriers or ofthe other barrier types. 

The number of sesarmid burrows varied significantly between the barrier types after 

15 weeks (Table 6.9). A total of 14 burrows was seen at the clear barriers, 8 at the 

black barriers and a single burrow was seen at the control areas. 
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Fig. 6.9 

Change over time in the abundance of crabs and open burrows in the horizon 

experiment. The left-hand column of graphs represents the results for north/south 

barriers, and the right hand column for east/west barriers. Each point represents the 

mean of counts from the three lanes on one side of each barrier: filled squares = 

black barriers; open squares = clear barriers; and crosses = control sites. Error bars 

give ± 1 SE. 
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Table 6.8 Analysis of variance of U. elegans abundance and 
burrow counts during horizon experiment 

The tables show the results of analyses of U. elegans abundance and burrow counts 
during horizon experiment. Replicates were data from lanes on one side of each 
barrier. The number of burrows and crabs counted after different intervals of time 
were expressed as a percentage of the number counted at the beginning of the 
experiment. These percentages at different times were analysed by severa14F 
ANOV As. The factors were as follows: Barrier type [3 levels: control, clear and 
black]; Barrier number [2 levels, random and nested in barrier type and direction]; 
Direction of barrier [2 levels: north-south and east-west]; and Lane distance from 
barrier [3 levels, repeated measure: close, mid and far]. Significance by Cochran's 
was not significant (P > 0.05) for the transform indicated. 



a) Percentage of active U. elegans 

6 Weeks 11 Weeks 15 Weeks 20 Weeks 
Factor df MS F MS F MS F MS F 
Barr. type (Bt) 2 70.52 0.04 4.98 0.53 12.07 0.56 2.80 1.42 
Barr. no. (Bn) 6 1768.06 0.39 9.33 0.59 21.73 1.58 1.97 1.42 
Direction (Dr) 1 50.00 0.03 14.10 1.51 2.97 0.14 0.66 0.33 
Distance (Ds) 2 13191.47 5.68* 18.22 1.18 59.12 4.77* 0.43 1.30 
BtxDr 2 4250.46 2.40 3.97 0.43 3.07 0.14 2.55 1.84 
BtxDs 4 2895.64 1.25 39.75 2.57 5.26 0.42 2.51 0.60 
BnxDs 12 2324.42 0.52 15.48 1.11 12.40 0.52 1.37 1.10 
DrxDs 2 4981.60 2.14 15.00 0.97 37.83 3.05 1.51 0.49 
Bt x Dr x Ds 4 4292.48 1.85 5.23 0.34 12.85 1.04 0.67 
Transform none ...J(X + 1) ...J(X + 1) log(X + 1) 

b) Percentage of U. elegans burrows 

6 Weeks 11 Weeks 15 Weeks 20 Weeks 
Factor df MS F MS F MS F MS F 
Barr. type (Bt) 2 231.85 0.05 3414.40 0.67 6635.83 1.72 0.02 0.02 
Barr. no. (Bn) 6 4603.64 3.75* 5060.37 3.06* 3849.18 1.86 1.10 3.52 
Direction (Dr) 1 2199.39 0.48 3420.16 0.68 1133.16 0.29 0.92 0.83 
Distance (Ds) 2 4915.23 3.92* 15184.78 3.46 12780.06 8.25* 1.61 6.58 
BtxDr 2 1110.12 0.24 5378.15 1.06 8185.91 2.13 0.22 0.20 
BtxDs 4 1036.65 0.83 1915.02 0.44 1782.84 1.15 0.17 0.69 
BnxDs 12 1254.73 1.31 4394.74 3.28* 1549.10 0.90 0.24 1.47 
DrxDs 2 1394.82 1.11 2758.68 0.63 1425.21 0.92 0.08 0.34 
Bt x Drx Ds 4 609.44 0.49 3917.03 0.89 5418.26 3.50* 0.40 1.62 
Transform none none none log(X + 1) 

Results ofTukey's (HSD) tests on means of percentage burrows in close, mid and far 
lanes at 15 weeks 

Control 
Clear 
Black 

North-south facing 
Close = Mid = Far 
Close = Mid = Far 
Close < Mid < Far 

East-west facing 
Close = Mid = Far 
Close = Mid = Far 
Close = Mid = Far 
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Fig. 6.10 

Change over time in the percentage of (A) crabs and (B) open burrows in the horizon 

experiment. Data from different barrier types, and from barriers facing different 

directions were pooled. Each point represents the mean of counts from 24 lanes: 

open shapes = close lanes; crosses = mid lanes; and filled shapes = far lanes. Error 

bars give ± 1 SE. 
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Table 6.9 Analysis of variance of sesarmid burrow counts during 
horizon experiment after 15 weeks 

The table shows the results of analyses of sesarmid burrow counts during the horizon 
experiment after 15 weeks. Counts of sesarmid burrows from individual lanes on one 
side of each barrier were used as replicates and analysed by a 3F ANOV A. The 
factors were as follows: Barrier type [3 levels: control, clear and black]; Direction of 
Barrier [2 levels: north-south and east-west]; and Lane distance from barrier [3 
levels, repeated measure: close, mid and far]. Arcsine transfonned data were not 
significant by Cochran's test (P > 0.05). 

Factor df MS F 
Barrier type (B) 2 0.01 5.13* 
Direction (Dr) 1 0.00 0.00 
Distance (Ds) 2 0.00 2.49 
B x Dr 2 0.00 2.07 
B x Ds 4 0.00 1.64 
Dr x Ds 2 0.00 2.01 
B x Dr x Ds 4 0.00 1.03 
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Transplantation 

Experiment 1,' Effect of habitat and interspecific competition on U. 

flammula and U. elegans 

After 10 weeks, mean distance from the enclosure was 10.8 em ± 1.5 cm (n = 33) for 

Uflammula burrows and 16.0 ± 1.7 cm (n = 29) for U elegans burrows. The 

burrows of U flammula were significantly closer to the edges of the enclosures than 

those of U elegans (df= 60, F = 1.1, t = -2.2, P < 0.05). 

The interaction of treatment with sex was significant for counts of both species of 

unmoved crabs (Table 6.10). However, as there were no significant changes over 

time this suggests that any differences were pre-existing at the control-plots (Fig. 

6.11). 

The percentage survival of transplanted crabs in enclosures was lower at the creek 

bank compared to the muddy site after 4 weeks for U elegans, and after 10 weeks 

for U flammula (Table 6.11; Fig. 6.12). After 4 weeks, percentage survival was 

higher for males of U. flammula compared to females in enclosures containing both 

species. There were no sex differences in percentage survival when individuals of U 

flammula were alone in the enclosures at this time. After 10 weeks, transplanted 

males of both species had higher percentage survival than females. 

Transplanted males were larger than females, and U flammula were larger than U 

elegans (Tables 6.12a-6.12b). 
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Table 6.10 Analysis of variance of counts of unmoved crabs (from 
transplantation experiment 1) 

The table shows the results of analyses of counts of unmoved crabs during 
transplantation experiment 1. Counts of unmoved crabs per enclosure or control-plot 
were analysed by 3F ANOV As. The factors were as follows: Treatment [3 levels: 
with disturbance and with enclosure; with disturbance and without enclosure, without 
disturbance and without enclosure]; Sex [repeated measure]; and Time [2 levels, 
repeated measure: at 0 and 10 weeks]. Cochran's test was not significant (P > 0.05). 

U.flammula U. elegans 
Factor df MS F MS F 
Treatment (Tr) 2 0.86 1.48 0.58 0.26 
Time (Ti) 1 1.00 3.27 2.25 4.05 
Sex (S) 1 4.00 13.09* 1.36 1.23 
Trx Ti 2 0.58 1.91 2.08 3.75 
Trx S 2 1.58 5.18* 13.86 12.48** 
Tix S 1 0.44 0.55 0.03 0.01 
Tr x Ti x S 2 2.86 3.55 1.03 0.49 
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Fig. 6.11 

Change over time in the counts of U.jlammula (top row of graphs) and U. eZegans 

(bottom row of graphs) in (A) undisturbed control-plots, (B) disturbed control-plots, 

and (C) control enclosures. Each point represents the mean of counts from three 

replicate control-plots or three replicate control enclosures, and error bars give ± I 

SE. Sexes are represented thus: filled symbols = males; and open symbols = females. 
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Table 6.11 Analysis of variance of percentage survival of 
transplanted crabs (from transplantation experiment 1) 

The table shows the results of analyses of percentage survival oftransplanted crabs 
during habitat and interspecific competition experiment (transplantation experiment 
1). The percentage survival of transplanted crabs was calculated as the percentage of 
crabs observed compared to the number that were added to the enclosures. The 
percentage survival of transplanted crabs per experimental enclosures after 4 and 10 
weeks was analysed by 3F ANOV As. The factors were as follows: Number of 
species in enclosure [2 levels: alone, or with another species]; Habitat of enclosure [2 
levels: muddy site and creek bank]; and Sex [repeated measure]. Cochran's test was 
not significant (p > 0.05) for the indicated transform. 

U.jlammula U. elegans 
4 Weeks 10 Weeks 4 Weeks 10 Weeks 

Factor df MS F MS F MS F MS F 
No. species (N) 1 567.1 1.81 9.99 2.51 0.34 0.07 0.00 0.00 
Habitat (H) 1 567.1 1.81 24.23 6.08* 63.9412.90* 9074.0713.07* 
Sex (S) 1 937.5 0.82 61.97 6.09* 32.96 1.83 1666.67 7.20* 
NxH 1 11.6 0.04 0.07 0.02 0.34 0.07 185.19 0.27 
NxS 1 7233.8 6.31* 26.46 2.60 3.16 0.18 185.19 0.80 
HxS 1 11.6 0.01 1.01 0.10 1.06 0.06 740.74 3.20 
NxHxS 1 567.1 0.49 2.97 0.29 3.16 0.18 0.00 0.00 

Transform none -V(X + 1) -V(X + 1) none 
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Fig. 6.12 

Percentage survival of transplanted Ujlammula (top row graphs) and U elegans 

(bottom row of graphs) per experimental enclosure after (A) 4 weeks and (B) 10 

weeks. The different treatments are: alone at the creek bank; with the other Uca 

species at the creek bank; alone at the muddy clearing; and with the other Uca 

species at the muddy clearing. Each bar represents the mean percentage survival of 

transplanted crabs from three replicate enclosures: open bars = males, and striped 

bars = females. Error bars give + 1 SE. 
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Table 6.12 Carapace widths of transplanted crabs (from 
transplantation experiment 1) 

a) Carapace width of transplanted crabs 

The table shows the carapace width (in mm) of transplanted crabs during habitat and 
interspecific competition experiment (transplantation experiment 1). 

U. flammula U. e/egans 
Sex Mean SE Mean SE 
Male 19.73 0.33 19.65 0.26 
Female 17.82 0.30 16.66 0.19 

b) Analysis of variance of carapace widths 

The table shows the results of analyses of the carapace widths of transplanted crabs. 
The carapace widths of transplanted U.jlammula and U. elegans were analysed by a 
2F ANOV A. The factors were as follows: Sex; and Species [2 levels: U. jlammula 
and U. elegans]. Cochran's test was not significant (p > 0.05). 

Factor df 
Sex 1 
Species 1 
Sex x Species 1 

MS 
173.66 

11.30 
8.67 

F 
66.43*** 

4.32* 
3.32 
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Experiment 2: Effect of different predator types on U. elegans 

Percentage survival was greater for males after 2 weeks (t = 2.24, P < 0.05) (Table 

6.13a). After 6 weeks, less than 12 % of males added to enclosures and no females 

survived. Although there were no significant differences in percentage survival 

between the different treatments (Table 6.13b), the results suggest that chances 

survival may have been greater in the "extra soil high mesh" treatment designed to 

exclude aerial predators. 

Experiment 3: Effect of aerial predators on U. elegans 

Compared to females, percentage survival was greater for males after 14 days 

(Tables 6.l4a-6.l4b) and 17 days (t = 4.29, P < 0.01). There were no significant 

differences in percentage survival between treatments. 
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Table 6.13 Percentage survival of U. elegans in enclosures that 
excluded different types of predators (from 
transplantation experiment 2) 

a) Percentage survival of transplanted U. elegans 

The table shows the mean percentage survival of male and female U. elegans per 
experimental enclosure after 2 and 6 weeks (n = 3). The different enclosures 
(treatments) were designed to exclude different types of predators. 

After 2 Weeks After 6 Weeks 
Males Females Males Females 

Treatment Mean SE Mean SE Mean SE Mean SE 
Control 0.00 0.00 16.67 13.61 0.00 0.00 0.00 0.00 
+ Soil 33.33 27.22 0.00 0.00 11.11 9.07 0.00 0.00 
+ Soil, High Mesh 88.89 9.07 0.00 0.00 33.33 15.71 0.00 0.00 
+ Soil, Low Mesh 22.22 9.07 0.00 0.00 0.00 0.00 0.00 0.00 
Total 36.11 12.62 4.17 4.17 11.11 6.27 0.00 0.00 

b) Analysis of variance of percentage survival of transplanted U. elegans 

The table shows the results of analyses of percentage survival of transplanted U. 
elegans per enclosure after 2 and 6 weeks. Sex data were pooled and analysed by IF 
ANOV As, with the factor Treatment [4 levels: control, extra soil, extra soil low mesh 
and extra soil high mesh]. Cochran's test was not significant (P > 0.05). 

Factor 
Treatment 
Residual 

After 2 Weeks 
df MS F 
3 1288.89 3.22 
8 400.00 

After 6 Weeks 
MS F 

266.67 2.00 
133.33 
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Table 6.14 Percentage survival of transplanted U. elegans in 
enclosures that excluded aerial predators (from 
transplantation experiment 3) 

a) Percentage survival of transplanted U. elegans 

The table shows the mean percentage survival of male and female U elegans per 
experimental enclosure after 14 and 17 days (n = 4). The different enclosures 
(treatments) were designed to exclude aerial predators. 

After 14 Days After 17 Days 
Males Females Males Females 

Treatment Mean SE Mean SE Mean SE Mean SE 
No Roof 50.00 14.43 0.00 0.00 41.67 13.82 0.00 0.00 
Poor Roof 41.67 7.22 50.00 17.68 41.67 7.22 12.50 10.83 
Good Roof 58.33 18.16 12.50 10.83 41.67 13.82 0.00 0.00 
Total 50.00 8.70 20.83 9.65 41.67 7.25 4.17 4.17 

b) Analysis of variance of percentage survival of transplanted U. elegans 

The table shows the results of analyses of percentage survival of male and female U 
elegans per experimental enclosure after 14 days. Data was analysed by a 2F 
ANOV A. The factors were as follows: Treatment [3 levels: no roof, poor roof, good 
roof]; and Sex [repeated measure]. To examine the effect oftreatment on percentage 
survival after 17 days, data for both sexes per enclosure were pooled. Cochran's test 
was not significant (P > 0.05). 

Factor df 
Treatment (T) 2 
Sex (S) 1 
TxS 2 

After 14 Days 
MS F 

868.09 0.76 
5104.17 7.56* 
2118.06 3.14 

Mter17Days 
MS F 
0.08 0.89 
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Discussion 

Several hypotheses were tested in the field in order to examine factors that could 

have a significant effect on the distribution and behaviour of different Uca species. 

The significance of the experimental results-and therefore acceptance or rejection 

of the model on which each hypothesis was based-will be discussed with reference 

to each species. 

Uca flammula 

Ucaflammula exhibited the highest level of physiological stress during the righting 

response trials. The most effective methods for thermoregulation in mangrove 

dwelling Uca are to move into the shade and retreat to the burrow (Smith and Miller 

1973). Therefore, it is unsurprising that Ujl.ammula moved to the wettest and 

coolest treatments in clearings, and tended to inhabit vegetated-shaded-areas. 

Although, U. jl.ammula were present in the exposed enclosures after one year (peTS. 

obs.), it is possible that under normal circumstances the cost ofliving in exposed 

areas is prohibitive. 

Structures in the soil may provide support for burrows of some Uca species in soft 

soil (Bertness and Miller 1984), although this may not always be the case depending 

on abiotic conditions (Nomann and Pennings 1998). Dowels did not affect Uca 

jl.ammula recruitment. Therefore, the lack of structural support for burrows does not 

explain the absence of U. jl.ammula in clearings. 

Although the tendency for U. jl.ammula to build their burrows close to the edge of the 

enclosures supports the structural support hypothesis, an additional factor must be 
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considered. The clear plastic sheeting-used to construct the enclosures and clear 

horizon barriers-turned pale yellow in colour after prolonged sun exposure, and 

became covered in mud, so that it obstructs the horizon and threw pale shadows. The 

edges of the enclosures would therefore offer some shade, thus lending further 

support to the flndings that U jZammula prefer shaded areas. 

Nomann and Pennings (1998) hypothesised that Uca recruited to shaded treatments 

in saltmarsh habitats to avoid predators, and cautioned against extrapolating 

experimental results between habitats with different abiotic conditions. However, the 

same must also be true for biotic factors-saltmarsh and mangrove habitats may 

possess different Uca predators. Most importantly Uca predation risk was shown to 

co-vary with level of vegetation (Nomann and Pennings 1998). 

There was a 36-week delay between construction of shade treatments and their 

invasion by U jZammula. In saltmarsh habitats, it took less than two weeks for U. 

pugnax numbers to increase after the addition of artiflcial burrows and softer 

substratum (Bertness and Miller 1984). Differences in recruitment time may result 

from locomotory differences-mangrove forest dwelling Uca tend to make randomly 

directed movements which do not take them far from their burrows (pers. obs.) 

compared to the more directed orientation of Uca in other habitats that may take 

them long distances (Herrnkind 1968; Salmon and Hyatt 1983). Nevertheless, sites 

that were furthest away from where U. jZammula were normally found should take 

the longest to discover. However, individuals appeared to take the same length of 

time to flnd shaded treatments in the centre of a large clearing (Audas 1992) as those 

on the edge of a smaller clearing (this study). 
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This suggests that, despite their location, shaded areas became suitable for habitation 

by U. flammula only after a certain period. Most of the effects that shade had on the 

soil and air-such as decrease in temperature and increase in moisture content and 

relative humidity respectively-would be immediate. Presumably, the timing of the 

increase in soil organic content is irrelevant because that at exposed areas was 

sufficient to cause maximal feeding response in Uca (Reinsel and Rittschof 1995 ) .. 

A temporal change on a longer scale that was associated with the shaded treatments 

was the continuing increase in the number of sesarmid soil mounds, and perhaps 

sesannids. Crabs often burrow more in soil mounds (Warren and Underwood 1986; 

McGuinness 1990b), as do other burrowing invertebrates-e.g. polychaetes (Hanley 

1985). This is probably because soil mounds contain no root mat (Hanley 1985) and 

the soil has been recently disturbed. Uca jlammula are larger than the other species 

(Hagen and Jones 1989) and as a result may have particular difficulties in burrowing 

(Ringold 1978). Furthermore, Uca are known to share burrows with sesarmids 

(Crichton 1960), so they could move into these areas without having to dig. It must 

be noted that the same author (Crichton 1960) also observed that these same 

sesarmids sometimes preyed on Uca. 

Other processes could explain the preference of U. jlammula for treatments where 

soil mounds were being created. Soil brought up from below the surface by 

burrowing may differ in nutrients, organic material, and have different grain size 

from surface soil (Warren and Underwood 1986). Furthermore, the leaf feeding 

behaviour ofsesarmids (Camilleri 1989,1992; Robertson and Daniel 1989a; Lee 

1997) may enrich the soil. Such differences could possibly benefit U jlammula 

b . an 
feeding. Perhaps U. jlammula responded to the mounds as shelter from emg on 
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open surface. Uca flammula are often seen feeding and waving on the top of soil 

mounds (pers. obs) and males of other species are lmown to display on higher ground 

(Pearse 1912; Hyatt and Salmon 1978; Zucker 1984; Christy 1978; Greenspan 1980). 

By being elevated, they may be better situated in order to see the approach of 

predators and to be seen by conspecifics. 

The eyestalk morphology of U flammula was more suited to visually complex 

habitats than the other Uca species. However, eyes of Uca are less suitable for living 

in mangrove forests compared to those of sesarmids (Zeil et al. 1986). Perhaps, 

proximity to sesarmids may confer some kind of protection to U flammula. The 

noisy, rapid retreat by sesarmids when threatened (pers. obs.) may serve as an early 

warning to U flammula that there is danger. Furthermore, the size and aggressive 

behaviour of some sesarmids (Seiple and Salmon 1982; pers. obs.) may deter some 

predators. 

Fewer individuals of U flammula were seen in the forest enclosures compared to 

those in the clearing. It is unlikely that the environmental factors in the forest were 

unsuitable, as U flammula are abundant in these areas. A major difference between 

the forest and clearing enclosures was the presence of sesarmids. Other grapsids are 

lmown to prey on ocypodids in enclosures in the natural habitat (Kurihara et al. 

1989; Severinghaus and Lin 1990). Enclosures could have increased the vulnerability 

of U. flammula to sesarmid predation-for instance, by impeding their escape. 

During trials, U flammula took the least time to run a certain distance, which 

suggests that under normal circumstances they may be well equipped to escape from 

these fast moving animals. Furthermore, although the size-corrected closing force of 

the maj or claws did not vary between the species, U flammula are generally larger 
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than U. elegans (Hagen and Jones 1989), hence their claws will be stronger and they 

may be more capable of defending themselves. Within a species, larger crabs with 

larger claws tend to win more fights (Jennions and Backwe1l1996). 

Compared to when they were alone, males of U. jlammula survived better when they 

were with U. elegans in enclosures at both sites. This would be understandable in the 

forest if sesarrnids selectively prey on slower crabs, and sesarmid dietary 

requirements were met by predation on a specific number of crabs. However, there 

were no sesarrnids seen inside any of the enclosures at the clearing. As the males 

were larger than the females, and U. jlammula larger than U. eiegans, these results 

are consistent with interspecific competition. Most likely this would be over food or 

space (burrows). 

Uca elegans 

Eyestalk morphology of U. elegans appeared to suggest they were suited to living in 

flat habitats. This could make crabs more sensitive to vertical movement on the 

horizon (Zeil et al. 1986; Land and Layne 1995). However, the effect of objects on 

crab abundance was not consistent with a horizon-blocking effect, which would 

predict that objects would be avoided to some extent. 

Rather, crab abundance appeared to be negatively correlated with the amount of 

shade thrown by the object. Dowels, which throw little shade, had little effect on crab 

abundance. A greater area of shade was thrown by enclosures, which may explain 

why U. elegans burrowed away from their edges. Crabs also burrowed further away 

from those barriers that threw the most shade. Few, if any, crabs were seen under 

shaded treatments in clearings after 8-12 weeks, with numbers dropping by at least as 

Chapter 6: Models to Explained Observed Distributions 
137 



early as three weeks. Compared to all the experimental manipulations in the 

clearings, the shaded treatments provided the greatest area of permanent shade. 

As was the situation for U flammula, U elegans had a lower percentage survival in 

the forest enclosures compared to those in the clearing. Although possible, it seemed 

unlikely that counts in enclosures were reduced because the crabs had escaped. The 

shiny surface of the plastic used to construct the enclosures was selected specifically 

to prevent crabs from scaling the sides. Counts should have been similar at both sites 

if crabs could escape over the top, and this wasn't the case. In addition, when tested, 

a roof over the enclosures made no difference to U elegans counts. If U elegans had 

escaped over the roofthey were likely to have been observed near the forest 

enclosures, but this wasn't the case during several subsequent field trips. 

Sesarmids were not removed from enclosures before the transplantation experiments, 

and the results are consistent with sesarmid-predation. Most telling were the three 

incidents of sesarmid-predation observed on U elegans-two individuals in the 

forest enclosures and one close to a black barrier in the clearing. Sesarmid predation 

could also explain the lack of difference between roof treatments in Experiment 3. 

In forest enclosures, counts of U elegans were reduced earlier than were counts of 

Uflammula. Assuming that low survival by both Uca species in forest enclosures 

was mainly as a result of sesarmid predation, then reduced survival of U. elegans 

compared with U flammula could mean that given a choice, sesarmids selectively 

prey on U elegans. This could be because U. elegans run more slowly than U. 

flammula and are therefore easier to catch. This is difficult to assess because ease of 

capture depends on many things such as running speed, vigilance, or foraging 

behaviour (in tenus of choice of habitat and distance from cover). 
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The soil and low mesh treatments were designed to exclude predators entering from 

underneath the enclosures. However, there was only 15 cm depth of soil above the 

low mesh, and U. elegans burrows often extend far deeper than this in their normal 

habitats (unpubl. data M. Nobbs). Thus, U elegans reduced survival in "soil and low 

mesh" treatments could have been as a result of unfavourable biotic factors in 

burrows at shallower depths. 

All landward Uca had similar righting response times after being restrained in the 

shade, so it is unlikely that the environmental factors in the forest or in the shade 

(thrown by objects in clearings) were unsuitable for U. elegans. However, Uca 

elegans showed signs of stress when exposed. This suggests that they may live in 

hot, dry habitats by default-susceptibility to predation could reduce their chances of 

survival in the shade and forest. Sesarmids, U.jlammula and U. signata that 

generally inhabit more shaded habitats moved into, and U. elegans moved away 

from, areas of the clearing that were shaded by a roof of shade-cloth. In addition, 

sesarmids were seen near barriers that U. elegans avoided being close to. This 

suggests that U. elegans avoid U. signata and U. flammula, and for whatever reason, 

U. elegans appear to be particularly vulnerable to sesarmid-predation. 

Uca signata 

These crabs suffered an intermediate amount of physiological stress when they were 

restrained in the sun compared to the other landward species. This may explain why 

they moved into the shaded treatments and were often found in less exposed places 

than U. elegans. 
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Alternatively, the distribution of U. signata could be influenced by the distribution of 

U elegans. Uca elegans could prevent the movement of U. signata into the centre of 

clearings. Thus, U signata could have moved into the shaded treatments because U. 

elegans moved out. Certainly the abundance of these two species are negatively 

correlated at temporal scales (Chapter 5). However at spatial scales, the abundance of 

male U signata was negatively correlated with female U. elegans, but female U. 

signata and male U elegans abundances were not correlated (Chapter 3). As females 

are generally less aggressive (Crane 1975), this suggests that U. elegans is more 

likely to avoid U signata rather than the other way around. Thus, the movement of 

U signata into shaded treatments probably occurred regardless of U. elegans 

distribution. 

It is paradoxical that while U. signata were not usually found in forests, numbers 

increased under shaded treatments in clearings. Like U. jlammula there was a delay 

to their move to shaded treatments. It could be that processes controlling their 

movement into the shade were similar to those discussed for Ujlammula. 

Uca signata do not appear to be deterred by sesarmids although it is true that counts 

of U. signata may have been greater if these other crabs were removed or excluded. 

Although few shaded treatments remained after 74 weeks, the results suggest that 

there may have been a decline in counts of U signata. Interestingly this coincided 

with an increase in U. flammula. 
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GENERAL DISCUSSION 



GENERAL DISCUSSION 

This study described the temporal and spatial distributions of different Uca species 

abundant in the landward zone of the mangrove forests of Darwin Harbour. 

Behaviour was examined within and between species. Differences in distribution and 

behaviour did not reflect the degree of evolutionary advancement in social behaviour 

and terrestrial adaptation. Instead, these differences were appropriate-adaptive-to 

local ecological conditions. 

Correlations with environmental variables in the natural habitat suggested that 

variables pertaining to or affected by vegetation were likely to be important to Uca 

distributional patterns. Some of these were tested by examination of morphology and 

physiology, and experimental manipUlation in the field. Findings that help to explain 

Uca distributional patterns will be discussed by reference to abiotic and biotic 

factors. 

Abiotic factors 

Generally, temperature and moisture similarly affected the spatial and temporal 

distributions of a species. Numerous factors may affect these variables including 

tidal height and vegetation. Uca flammula lived in lower, shaded, moist habitats and 

were more abundant when conditions were cooler and wetter. This was reflected in 

seasonal and daily abundance patterns. Uca elegans inhabited higher clearings, and 

were more abundant under hot, windy conditions provided that the soil was wet, 

irrespective of season or time of day. The amount of vegetation found at U. signata 

habitats varied with intertidal height. At lower levels, the crabs inhabited the centre 



and edges of clearings, but at higher levels, they were more abundant at the edges of 

clearings and in the forests. They may take advantage of mangrove shade to extend 

their vertical distribution-as do U tetragonon (lcelyand Jones 1977). 

Physiological tolerances that varied between the three species may partly explain 

their observed distributions. Transpiration and metabolic rates of Uca species are 

correlated with intertidal height and preference for vegetated habitats (Edney 1961, 

Macintosh 1978), and temporal variations in distribution (Vemberg 1984). Methods 

of Uca thennoregulation can also vary with the amount of vegetation (Smith and 

Miller 1973). Righting response times demonstrated that these species differ 

physiologically, with U. flammula least able, and U. elegans most able to cope with 

drier, hotter conditions. Intermediate righting response times imply that U. signata 

would require wetter, cooler conditions than U. elegans, which appeared to be the 

case. 

However, there was evidence that other considerations should also be taken into 

account to explain distributional differences. Uca jlammula was able to survive for 

long periods in high clearings and if U elegans and U signata could survive the 

conditions in clearings, they should be able to survive in forests, which are cooler 

and wetter. In addition, there were inconsistencies in the relationship between U 

signata abundance and temperature and moisture. They were more abundant in drier, 

hotter habitats provided the soil was wetter during neap tides, and they were less 

active during the dry season. The skewed sex ratios and size frequency distributions 

that were observed later in the study suggest they may be particularly vulnerable to 

environmental change. 
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The level of activity exhibited differed between the three Uca species. Uca flammula 

rarely waved, spent little time fighting male conspecifics, were often inactive, and 

tended to stay close to their burrows. Other species belonging to the subgenus 

Deltuca behave similarly (pearse 1912; Crane 1957, 1975). In comparison, U 

elegans frequently waved, fought with male conspecifics and wandered from their 

burrows. This agrees with the observation that they "court vigorously" (Salmon and 

Zucker 1987). Uca Signata frequently fight and wave, and generally have a higher 

level of activity than U jlammula (pers. obs.). Both U elegans and U signata 

belong to the subgenus Australuca, whose members tend to be more active than are 

those of Deltuca (Crane 1957, 1975). Paradoxically, the most sluggish Uflammula 

ran faster than the other two species when threatened, presumably because of size 

differences. 

Activity-level differences between species may reflect microhabitat preferences

fiddler crabs in forests were more sluggish than they were in clearings. Rapid 

movements and waving displays may be difficult to execute in the forest where the 

surface is uneven and has numerous obstructions. On Fanning Atoll in the Pacific, 

Ocypode cordimana, found in vegetated areas, is relatively slow and docile 

compared to the fast-moving, aggressive 0. ceratophthalmus that lives on the beach 

(Fellows 1973). However, the effect oftopography of substrata on crab locomotion 

has not been adequately addressed (Full and Weinstein 1992), so it is difficult to 

predict the effect this may have on the behaviour of these species. 

Crustacean and vertebrate metabolisms are similar in that with a 10°C increase of 

temperature, metabolic rates generally rise two to three times (Herreid and Full 

1988). Crabs wave faster or more often at higher temperatures (Gordon 1958; 

Chapter 7: General Discussion 143 



Salmon 1965, Doherty 1982). Likewise, sluggish behaviour, and ultimately 

inhibition oflocomotor activity, occurs at lower temperatures (Crane 1943, Smith 

and Miller 1973). The time of day that crabs are active on the surface could also 

affect body temperature (Wilkens and Fingerman 1965; Powers and Cole 1976). Uca 

jlammula was active at cooler times ofthe day than were the other two species. 

Temperature of the soil surface, rather than the burrow, has a major effect on body 

temperature (Smith and Miller 1973). In this study, soil surface temperature differed 

between microhabitats by as much as 12°C. This suggests that body temperature of 

U.flammula is generally lower than that of the other species, which could 

significantly affect metabolic rates and hence activity levels. 

Propensity for waving and other visual means of communication may be a function 

of soil topography and light levels. The sight of close neighbours may cause an 

increase in visual displays (Gordon 1958; Greenspan 1980; Zucker 1981, 1984). In 

turn, the effectiveness of communication depends upon being seen by conspecifics. 

Conspecifics are clearly visible to each other in flat exposed clearings, yet soil 

mounds, vegetation and reduced light levels in forests may make them less 

conspicuous. The typically narrow front behaviour-lethargic movements and simple 

waves--of the broad front U. thayeri may be attributed to its preference for shaded 

habitats (Salmon 1987). Ucaflammula living in forests do not wave, whereas U. 

elegans in flat clearings do. The microhabitat-shift of U signata, which does wave, 

from clearings to forests with increasing tidal height may reflect the change in soil 

topography-soil mounds are numerous in lower level forests yet rare at higher 

levels. 

Chapter 7: General Discussion 44 



Uca species may differ in their digging-ability (Ringold 1978; Bertness and Miller 

1984). Attempts to unearth U elegans show that they have deep burrows consistent 

with superior ability. Uca flammula prefers habitats with softer soil suggesting they 

may be poor diggers. However, digging-ability should be considered in conjunction 

with tolerance to desiccation. Habitats that possess a deep water table or that 

frequently dry out may be especially unsuitable for poor-diggers that have a low 

tolerance to desiccation. Alternatively, soft, wet soil may be preferable to those crabs 

even in the absence of structural support. 

Biotic factors 

The sluggish behaviour of Uca flammula may result from their reduced motivation to 

fight with conspecifics compared to the other species. Their motivational status may 

depend upon the value of the Uca burrow as a resource worth defending (Hyatt and 

Salmon 1978), although this may not always be the case (Crane 1967). Population 

densities of U jZammula were generally lower than were those of U. signata and U. 

elegans. Food and space are unlikely to be limited at lower crab densities (Genoni 

1985, 1991). At higher densities, there is increased frequency of combat between 

neighbours (Crane 1941; Zucker 1981). Alternatively, burrows may be costly to 

build so their resource-value would depend upon availability. Burrow value was 

likely to be low for U. flammula, as there were numerous empty burrows available at 

creek banks (Chapter 2), yet high for U. elegans, as fewer burrows were unoccupied. 

It is likely that interspecific competition could playa role in the distribution of some 

ofthese Uca species. The abundance of each Uca species was negatively associated 

with that of the other two. This is unsurprising in species that inhabit different 

microhabitats. However, there was evidence that U. elegans was restricted by other 
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Uca species, but that U flam mula was not. Evidence that interspecific competition 

plays a role in determining U signata abundance was largely circumstantial. They 

moved into the shade when and where there were few other Uca (shade and sticks 

experiment), and were abundant in clearings where U elegans were less abundant 

(see comparison of crab abundance at Ludmilla Creek and Inner Harbour 

mangroves). 

Crustaceans may restrict the distribution of other crustaceans in areas suited to both 

if they differ in size or strength, or propensity for agonistic behaviour (Schone 1968; 

Aspey 1971; review by Dingle 1983). The level of aggression directed towards other 

species may vary between Uca species, and could have a significant affect on 

distribution (Teal 1958; Aspey 1971, 1978). However, propensity for agonistic 

behaviour is difficult to quantify, and data were not available. The Uca male's major 

claw is often used in combat, and the force it applies is directly correlated to its 

morphology and musculature (Levinton and Judge 1993; Levinton et al. 1995). 

While closing force did not vary between species in the present study, body size 

differences suggest U flammula may be stronger than the other species. This 

suggests that U flammula are likely to win interspecific combats thereby restricting 

the other species' distribution. 

Interactions with sesarmids 

In saltmarsh habitats, predatory crabs can have a significant affect on Uca 

distribution (Lee and Kneib 1994). Evidence from this study suggests that sesarmids 

could be a major competitor or predator of some Uca species in mangrove habitats. 

On the soil surface of the high intertidal zone (5.5 m - 6.8 m), sesarmids were 

abundant in the forest, yet rarely found in clearings. This agrees with observations in 
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other Australian mangroves (Macnae 1966; George and Jones 1984; Osborne and 

Smith 1990). Uca had lower survival in enclosures that were in forests than in 

clearings. Uca signata and occasionally U. elegans were found in Ceriops forests 

that had few sesarmids, usually at higher intertidal levels (above 7.0m). Uca 

flammula was the dominant ocypodid seen in these high intertidal forests (5.5 m-

6.8 m), yet tended to be spatially separated from sesarmids-sesarmids close to 

Ceriops roots, and U. flammula in bare soil. Cerithidea anticipata (a small snail) 

may also be excluded from Ceriops forests by sesarmid predation (McGuinness 

1992; McGuinness 1994). Another snail with a larger, thicker shell (Telescopium 

telescopium) was abundant in these forests, however (unpubl. data). 

In the present study, females appeared to be more at risk from predation than males. 

Males usually have a size advantage (Crane 1975), but most importantly. they have a 

large major claw. This can be autotomised to help them escape, or be used to threaten 

and fight predators (Crane 1975; Macintosh 1979; Bildstein 1989; Lee and Kneib 

1994; pers. obs.). Males, but never females, sometimes exhibit a stay response where 

they stand their ground and threaten predators rather than retreat (Formanowicz and 

Brodie 1988; pers. obs). In general, there were greater numbers of male U. flammula 

and U. signata compared to females, but there was no significant difference between 

the abundance of the sexes of U. elegans. This could be due to predation upon 

females of those species that live close to sesarmid habitats. It has been suggested 

that differential predation on females may cause unequal sex ratios in several Uca 

populations (Wolf et al. 1975; Macintosh 1979; Montague 1980; Lee and Kneib 

1994). 
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As competitors or predators, sesannids must be able to detect Uca on the soil 

surface. Although semi-terrestrial crabs may communicate with pheromones, they 

generally use visual, acoustic or vibrational signals (Crane 1958; Knudsen 1964; 

Hartno111968; Schone 1968; Zucker and Denny 1979). Rapid conspicuous 

movements will increase the chances of Uca being seen, especially as sesarmids have 

good stereoscopic vision (Zeil et al. 1986). Uca waving may be particularly 

hazardous because males may display towards any crab-sized object (Salmon and 

Stout 1962; Land and Layne 1995). Elevated predation risk changes Uca mating 

behaviour (Koga et al. 1998). Some Uca species may be more conspicuous due to 

their colouration and contrast against the substrate (Thurman and Wicksten 1990). 

The carapace of U. elegans and U signata lightens during the day but that of U. 

flammula does not (pers. obs.). Uca often produce sounds during combat and 

courtship (Salmon and Stout 1962; Crane 1967; Salmon and Atsaides 1968; Salmon 

1980; Hagen 1983, 1984; pers.obs.), which some predatory crabs maybe attracted by 

(McIvor and Smith 1995). Differences in conspicuousness due to behaviour and 

colouration suggest that sesarmids are more likely to detect noisy, eye-catching U. 

elegans and U. signata, compared to U. flammula. Once detected, U. flammula are 

more likely to avoid being preyed upon than the other species, because U. flammula 

are the fastest runners with the strongest claws. 

Concluding remarks 

Some species of Uca run towards tall thin objects when threatened by a predator 

(Herrnkind 1968; Langdon and Herrnkind 1985). This may explain the evolution of 

waving and hood-building behaviour-males utilise the predator escape response to 

attract females to their claws and hoods respectively (Christy 1988b; Christy and 
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Salmon 1991; Christy 1995). Running towards tall thin objects was interpreted as 

seeking protection-in marsh grass-from predation (Langdon and Herrnkind 1985). 

However, threatened Uca never ran towards vegetation during 2V2 years of 

fieldwork in the landward zone of Darwin Harbour mangroves (pers. obs.). This 

suggests that Australian mangrove forests do not offer these Uca species protection 

from predators. This may also explain why the use of waving, to attract females, may 

have been lost in species living in or close to forested areas of Australian mangroves. 

Preference for flat habitats and complex social behaviour are, according to molecular 

evidence, traits found in crabs that are phylogenetically ancestral to Uca species 

(Suzawa 1993; Levinton et al. 1996; Sturmbauer et al. 1996). Thus, the question, 

"Why do some species, for example U. elegans, inhabit clearings?" is probably 

irrelevant--they were already there. 

It is more important to ask, "Why have some species moved into mangrove forests 

while other species haven't?" Certainly the conditions are more benign than in 

clearings-temperatures are cooler, humidity higher, soil is wetter and probably 

richer in food. However weighed against such benefits are the inherent disadvantages 

of living in a visually complex environment where predators tend to be more 

abundant. Ucajlammula appears to have successfully adapted to cope with co

habitation with these animals. 

As a flatworld crab, U. signata is probably more susceptible to drying than U 

elegans. Presumably, U. signata can tolerate clearings at lower tidal levels. At higher 

levels, clearings may be too dry, but they can survive in the forests because there are 

fewer sesarmids. 
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Appendix 3. Notes on 1991/92 survey sites and methodology 

During the 1991192 surveys, 14 s~tes representing the three principal habitats on the mining 
leases were sam?led to detennme seasonal variation in bird species composition and 
abundance. The sItes were spread over the entire lease area from about 8 km north to about 
11 Ian south of Angurugu (see Webb 1992). Monsoon vine forest and paperbark woodlands 
were represented by four sites, and eucalypt forests by six sites. 

Each site was visited on three or four days during 15-18 September 1991 (late dry season) 
and 24-28 March 1992 (late wet season). Due to time constraints it was necessary to 
sample at all times during daylight except 12:00 to 15:00 hrs, when avian activity was at its 
lowest. The sequence in which sites were visited was changed each day so that all sites 
were visited at least once in the early morning. All quadrats were visited once or twice at 
night (mostly during the second sampling period) to record nocturnal birds. 

The censusing method was to record all birds seen andlor heard in the quadrat (hereafter 
referred to as site) during a 10 min period. Owing to the density of the vegetation and 
poorer visibility in monsoon vine-forest (MVF), the first ten minutes were spent traversing 
a track bissecting the quadrat, while an additional 5 min was spent traversing the forest 
interior within the quadrat to record additional birds that could not be detected from the 
track. ill other habitats, I walked around the inside perimeter of the quadrat, then across one 
diagonal. Additional species heard within 100 m of each site were also noted. 

The broad physical and floristic characteristics of each site, and the major phenological 
event at the time of censusing, are described below. The vegetation category (Map Unit) of 
Brocklehurst & Cowie (1992) corresponding to each site is also given. 

Monsoon Vine Forests 

Of the four monsoon vine forest sites, two were located on coastal dunes. These correspond 
with Map Unit 2 (dry coastal monsoon vine closed forest), where common tree species 
included Wild Cherry, Native Nutmeg and Milkwood, and canopy height was 17-18 m 
(Brocklehurst & Cowie 1992). Fruits were noted on Styptic Tree in September, and on 
Aidia cochinchinensis in March. 

The third site was the vine forest just south of Angurugu, which is a remnant of a more 
widespread forest that was partly cleared. Brocklehurst & Cowie (1992) distinguished this 
patch (Map Unit 3) from the other dry (coastal) monsoon vine forests because of its lower 
canopy height (10-11 m high) and the occurrence of Bridal Trees. These tall emergents 

were flowering prolifically in March 1992. 

The fourth site was a small vine forest patch adjacent to Emerald River, with an 
"understorey of ferns and sedges and an overstorey of tall (c. 30 m ~gh) Whi~e Paperbark. 
Other tall trees included Red Bark, Black Lillipilli and Evodia, while the mIddle. stratum 
contained Cut-leaved Palm, Umbrella Tree and Red Ash. Although claSSIfied by 
Brocklehurst & Cowie (1992) as "swamp forest" and mixed Melaleuca open-forest! 
monsoon vine-forest (Map Units 11 and 14, respectively), the flora and birds in ~d around 
the quadrat was overwhelmingly dominated by species typical of monsoon VIlle forests. 
Thus we have grouped it with monsoon vine forests. 
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